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Gl-1. Backgmund and Moth ation of This Thesis 
There are various organized molecular systems tn nature. The 
organized structures have important roles in vanous btological processes such as 
selective transport, selective permeatton, energy transfer, energy conversiOn, and 
metabolism These structures are highly organized, and the arrangements of these 
structures are closely related to thetr unique functionaltttes. Recently, variotus 
artificial organized molecular system having a specific arrangement have been 
destgned, and tts unique properties and chemtcal reactlvtty have been studied 
The photophystcal funct10naltty of these highly organized molecular 
systems is gathering mterest The photosynthesis of plants tS a kind of energy 
convertmg system wtth htgh effictency tn nature, and vision is a ktnd of 
information transfer system They require organized molecular assemblies In the 
field of appltcation, many photofunctlonal matenals have been made. For 
example, photoresists have been developed for a large scale integrated circuit (LSI) 
and the information mdustry ts greatly indebted to thts technology 
The purpose of thts study is to analyze the structure of those organized 
molecular assemblies by using an exctted state mtermolecular mteracllon and to 
control the ordered structure by photoreaction. In th1s study, an ultrathin film 
highly ordered in the direction to the layer th1ckness was fabncated by using the 
Langmuir-Blodgett technique, and the film structure was analyzed. A liqUid 
crystal film was prepared from a liquid crystalline polymer and the phase transtion 
behavtor induced by UV irradtation on thts film was studted. The thests tS divtded 
into two parts. In part I, the organized polymer structure made by the Langmuir-
Blodgett technique was exammed by the fluorescence method In part 2, the 
control of the highly oriented structure of the liquid crystal line phase was 
attempted by using a photochemtcal reaction, i e, photo1somenzat10n. Some baste 
studtes were made on the structural charactenzation and phase transition control 
of the orgamzed polymer systems by use of photoprocess energy transfer and 
photo1somenzat10n. In the next sectiOn, the follow10g terms are bnefly explamed: 
1) exc1ted energy transfer processes, 2) the LangmUJ r-Biodgett techn1que to 
fabncate highly ordered structures, and 3) hqUJd crystals, espec1ally side cham 
liqUid crystalline polymers and the phase transition behavior controlled by the 
guest-host effect 
GI-2. Short Suavey on Eneagy Tl'ansfer Processes 
Energy transfer is defined as the donation of excitation energy from 
one molecule to another. One of the most general forms of electronic energy 
transfer can be represented by 
o· + A-+D + A. ... (I) 
where 0 represents a donor molecule, A represents an acceptor molecule and * 
denotes the electromcally excited state. Energy transfer occurs through two 
processes; one is a rad1at1ve process, and the other is a non-radiative process. The 
rad1at1ve transfer process cons1sts of sequential emiss1on of fluorescence or 
phosphorescence from the donor molecule o· and the reabsorption of the donor 
em1ss1on by the acceptor molecule A Th1s process can be represented by 
o· -+ 0 + hv ... (2) 
hv +A-+ A. ... (3) 
The absorption spectrum of the acceptor must overlap with the emission spectrum 
of the donor and the intervening medium should be transparent to the light at the 
wavelengths of the absorption and emiss1on bands. 
The non-radiative transfer process is a long-range transfer of electronic 
excitation wh1ch occurs even 1f the separation distance of the donor and the 
acceptor is several times larger than the collision diameter. At this distance, o~ly 
the coulomb1c 10teractton is Important and electron-exchange effects can be 
neglig1ble. Forster developed a quantitative relation expressed in terms of 
expenmentally obtainable parameters for the rate of resonance energy transfer 
origmaung in d1pole-d1pole Interactions between an isolated donor and acceptor 
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pa1r 1 The cond1t1ons favonng energy transfer are a large overlap between the 
absorption band of the acceptor molecule and the em1ssion band of the donor 
molecule, and a h1gh fluorescence y1eld of the donor molecule The effic1ency of 
intermolecular dipole-dipole trans1t1ons IS expressed 10 terms of the cntlcal 
separation d1stance ~ at which the probabtl1ty of transfer 1s equal to that of 
spontaneous decay. From Forster's equatiOn, R0 1s g1ven by 
in which N IS Avogadro's number, n IS the refract1ve 1ndex of the med1um, -.c' IS 
an orientation factor, usually assumed to be 2/3 for a random d1stnbut1on of D and 
A, 4>r> is the quantum yield for emiss1on from the donor, F0 (v) IS the fluorescence 
emission spectrum of the donor normalized to unity, e"(v) is the molar extinciton 
coefficient of the acceptor as a funct1on of v It is 1mportant to note that for th1s 
mechanism, the spin conservation law is applied to the donor and acceptor 
molecules individually, and no change 10 sp10 IS allowed m the donor and acceptor 
during transfer. Thus singlet-state energy transfer is certainly allowed, although 
triplet-triplet energy transfer is forbidden. 
GI-3. Shoa1 S Uivey on Langmuia'-Biodgett Film 
The Langmuir- Blodgett (LB) technique 1s one of the most attractive 
methods to achieve artific1al molecular assemblies The th1 ckness of the LB film 
is controlled by the chain length of amphiphihc compounds and the number of the 
deposited monolayers. The LB technique can also prov1de highly ordered 
molecular assemblies with well-defined molecular onentation. One can design LB 
films having various functionalities in a molecular level by depositing monolayers 
wh1ch have different properties. A great number of studies have been made on LB 
films.12•13 
Stud1es on monolayers began toward the end of the last century.14 15 In the 
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beginning of this century, LangmUir developed the experimental and theoretical 
concepts which underlie our current understandmg of monolayers, by studying a 
well defined series of fatty acid salts. 16 The first detailed descript1on of sequential 
monolayer deposition was g1ven by Blodgett m the 1930's 17•18 Langmuir 
demonstrated that the th1ckness of a monolayer is one molecule and that the 
molecules are onented at the water surface, w1th the polar functional group 
immersed in the water and the long nonpolar chain directed nearly vertically up 
from the surface. 
Games19 summarized these early works comprehensively and divided the 
substances, which are capable of formmg Langmuir-Blodgett films, into two 
classes; 
(I) Simple, nonpolymeric substances which are substantially 
msoluble, but whose molecules have sufficient attraction to the 
subphase to permit them to spread and disperse at the surface. 
(2) Polymeric materials which are positively adsorbed at the liquid-
gas interface. 
The contammatton of the water subphase should be removed carefully because the 
ex1stance of surfactants also g1ves a great influence on the formation of monolayer. 
The substance is dissolved 1n an adequate solvent such as benzene or chloroform 
and spread onto the water surface quietly. Then a suitable substrate is normally 
dipped and rai sed vertically through the monolayer. The most common deposition 
mode is to stack in a head-to-head and tail-to-tad configuration, which is called 
the Y -type depos1t1on. However, some mono layers do not stack on this manner. 
When the deposition occurs only with down modes, this is called the X-type 
deposition . When the deposition occurs only with up modes, it is called the Z-
type depos1t1on. These three deposition types are shown in Figure GI-l. 
Many experimental techniques have been used to study LB films. For 
example, ellipsometry, electron spin resonance, infra-red dichroism, surface 
potential , and polarized resonance Raman spectroscopy are used for the 
characterization experiments 2° For a more complete assessment of the fi lm 
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Figun~ GI- l. 
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Three different types of deposition onto solid substrate. 
The deposition which occurs only at down-modes is 
called the X type. The depos1tion wh1ch occurs both at 
up- and down-modes is called the Y type, and the one 
which occurs only at up-modes is called the Z type. A 
circle represents hydrophtlic part of the molecule and a 
rectangular represents hydrophobic part of the molecule. 
A commonly used deposition mode is the Y type, where 
the molecules stack vertically with a head-to-head and 
tail-to-tail configuration. 
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structure, electron dtffraction, transmtss1on electron m1croscopy,~1 X-ray 
diffraction ,'~~ ' neutron diffraction,24 and surface plasmon 2~ are also introduced to 
the expenment. 
LB films are of great interest as model systems m fundamental 
research Kuhn and h1s colleagues stud1ed photophys1cal and photochemical 
processes such as exc1ted energy transfer, migration, and electron transfer with 
various molecular arrangements containing chromophoric groups2 6-28 They 
constructed molecular assembl1es of functional units w1th an energy donatmg 
molecule (D) and an appropnate energy acceptor molecule (A) 0 and A could 
be fixed at any mtended d1stance by choosmg an appropriate number of spacer 
layers and an appropriate number of carbon atoms in the fatty acid used as the 
spacer Notable achievement has been made in the successful series of 
expenments for mvestigatlon of the Forster type of energy transfer Related works 
have been earned out by Kdsretter,29 Leitner 10 Yamazaki demonstrated by time-
resolved fluorescence spectroscopy that the chromophoric guest molecules tend to 
aggregate m the fatty acid monolayer.31 
Although conventional LB films are prepared from low molecular-
weight compounds such as long alkyl cham fatty acids, these LB films are usually 
poor in thermal and mechanical stability. To solve these problems, various 
polymeric LB films have been widely examined.32·33 There are two types of 
polymer LB films. One IS the polymerization of amphiphdic monomers after 
spreading onto the water surface or depositing onto the substrate 34 .36 Another IS 
the depOSition of preformed polymeric monolayers. The latter type of LB film 
was firstly reported by Tredgold.37 Since then several polymeric LB films38-41 have 
been examined Swallen et al studied the molecular orientation in the monolayers 
and LB films of poly(octadecyl methacrylate) by mfrared spectroscopy 42 
Schouten4 ' et al studied the monolayer behav1or ofpoly(methyl methacrylate) with 
various tact1c1ties. Miyashita synthesized a series of polyacrylamide derivatives 
and studied their properties as LB films.44 
The aggregation of chromophores can be prevented by the introduction 
6 
of chromophoric groups into polymer LB films 4 \ Therefore, 1t 1s poss1ble to attam 
a homogeneous distribution of chromophore for studymg the structure of polymer 
LB films. 
GI-4. Sho•t Su1vey on Liquid Crystalline Polymer and Phase Transition 
Low molecular weight liquid crystallme compounds have been known 
for more than I 00 years.46·47 However, liqutd crystallme polymers have attamed 
prominence only m the last quarter century In 1975, de Gennes predicted 
theoretically that polymers which have rigid long1tudinal mesogentc element and 
flexible element become nematic liquid crystal 4K The interests to liquid crystalline 
polymers greatly mcreased in the latter half of the 1970's, and a number of 
thermotropic polyesters have been synthesized smce then 49 
L1qutd crystalline polymers can be classtfied mto two types, m one 
type of a liqutd crystalline polymers, the mesogenic groups are located in the 
polymer main chain. These polymers are known as main cham liquid crystallme 
polymers. Because of h1gh onentat10n of polymer backbone m the l1qutd 
crystalline state, the main chain ltqutd crystallme polymers have h1gh elast1c1ty and 
high strength. It tS a promising material in the field of engineenng plastiCS. In 
the other type of liquid crystalline polymers, the mesogenic groups are attached 
to the polymer main chain with a linkage of carbon chams50•5~ or sdoxane chainsq 
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m a side-chain-ltke manner Such polymers are known as stde cham liqUtd 
crystalline polymers Polymers with mesogen1c stde chatns are usually 
thermotropic. Although the liquid crystalline properties of the polymers are related 
to those of the low molecular we1ght analogues, the d1fferences are due mainly to 
htgh melt VISCosity and the interactiOn of the polymer backbone chain and the 
mesogenic groups The high v1scos1ty 1mpedes structural rearrangements caused 
by external fields. Moreover, the polymer backbone chain tends to take a random-
coil configuration, and the mesogenic side groups tends to organize in liquid 
crystalline phases causing a certain interaction between the mam cham and side 
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chains Thts interaction may be loosened to some extent by inserting spacer 
groups between the backbone cham and the mesogenic groups.505~ Side chain 
liquid crystalline polymers have the advantages of orientation control and phase 
control, whtch may enable the developement of novel functiOnal materials such 
as thermosensor, optical filter, 11 selective permeation membrane,57 and heat 
writable film ~8 
One of the important aspects of the liquid crystal is that the position 
of the director is greatly mfluenced by an electric or magnetic field. Highly 
oriented liquid crystalline polymer films with mesogenic side chains can be used 
to store mformatton. The "writing" is stored at temperatures below the polymer 
Tg but may be erased by heating or applying an electric field to different direction . 
A polysiloxane with highly polar cyanobiphenyl in the side chains can be used as 
an electro-optical storage system 59 Because of polydispersity, these materials 
exhib1t a wide biphas1c region above 80°C. An opaque randomly oriented polymer 
layer in the biphasic region can be converted to homeotropically transparent areas 
by an alternating electric current. Wide application perspectives for these polymers 
are promismg as optical components in linear and non-linear optics. Furthermore, 
novel optical memory materials can be materialtzed. 
Recently, liqUid crystalltne display devices utilizing a guest-host effect 
are widely accepted.60.63 The addition of a non-mesomorphic solute to a nematic 
ltquid crystal tmpedes the ltquid crystalline formation.64 70 If the structure of the 
guest molecule 1s not very different from that of the mesogen, they can coexist 
formmg a smgle ltqu1d crystal phase. In this case, the temperature range of the 
liquid crystalline state depends on the structure and concentration of the guest 
molecules.71 n If the structure of guest molecules is greatly changed by an 
external stimulation, these guest molecules disturb the liquid crystal formation 
considerably and cause the phase transition from nemat1c liquid crystalline phase 
to isotropic phase. Thus, phase transition can be controlled by the structural 
change of the guest molecules An effecttve method to mduce a structural change 
of guest molecules is to use photoisomerization. 74 77 Figure GI-2 shows the general 
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Figul'e Gl-2. The guest-host effect of liqu1d crystalltne structure 
Gray rectangles represent liqUJd crystal (LC) and black 
rectangles represent photosensitive molecules (PM) 
When PM absorbs li ght at a specific wavelength, it 
changes its shape and disturbs the liquid crystal 
formation . This phase transition can be made reversible 
by choosing appropriate photosensitive molecules. 
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concept of controllmg liqu1d crystal format1on by photoisomerization. When the 
photosensitive guest molecules take a trans form, they do not interfere with the 
ltquid crystal formation However, once the trans form of guest molecules IS 
photoisomenzed to a CIS form by spectfic UV Irradiation, they greatly interfere 
wtth the ltquid crystal formation. An advantage of phototsomerization IS 
reversibility . One can "write" information by a specific UV light and erase it by 
a UV light of another wavelength or heatmg To improve the ability of storage, 
a photosenstt1 ve polymer w1th mesogenic stde chams is promtsing as a recordmg 
matenal 
GI-S. Outline of This Thesis 
Thts thesis concerns h1ghly organ1zed polymer systems studied by 
analyz1ng and utll1zing photoprocesses. The mam subjects are the structural 
relaxation process and the phase transition behavior of the systems. The thesi s is 
divided into two parts. 
Part I (Chapter I - 6) descnbes the thermal stab1lity of polymenc 
LangmUir-Blodgett films and tn s1tu study of a polymer monolayer on the water 
surface by usmg the fluorescence method. 
In Chapter 1, poly( vinyl pentanal acetal) (PVPe) and its derivatives 
were synthes1zed as amphiphiles and deposited onto a solid substrate as aLB film 
Then, the thermal stabihty of the PVPe LB fi lm was exammed by the interlayer 
energy transfer from energy donor to acceptor moieties labeled to the polymer 
chain. The theoretical calculation based on Forster kinetics was applied to this 
phenomenon and the experimental data was fitted with the calculation curve by 
assuming a Gaussian distnbutton of chromophores in the dtrection normal to the 
layer plane The diffusion constant (D) and the apparent activation energy (Mn 
of polymer segments were also evaluated by fitting with the experimental data. 
In Chapter 2, poly(vinyl butanal acetal) (PVB), poly(vinyl octanal 
acetal) (PYO), and their denvatives were synthesized as the amphiphiles for LB 
deposition The distribution of energy donatmg and accepting polymer segments 
10 
was measured by the energy transfer method as a functton of ttme and 
temperature. The cnttcal temperature, (Tc ), at whtch the rapid increase of transfer 
effictency starts, was dtscussed m companson wtth the glass transttton temperature 
(Tg) of the correspondtng polymers in the bulk state A numencal calculation b)' 
Monte Carlo method was apphed to the expert mental results toy teld the diffusiOn 
constants and activation energtes for the polymer dt ffuston 
In Chapter 3, the thermal stability of vanous kinds of Langmuir-
Blodgett films, poly(vmyl octanal acetal) (PYO), poly(dusopropyl fumarate) 
(PDtPF), poly(dtcyclohexyl fumarate) (PDcHF), and poly(tsobutyl methacrylate) 
(PtBMA) was exammed by the energy transfer method These films were 
sandwiched by a pair of energy donatmg and accepttng PVO layers as the probes 
The structural relaxation of the other polymenc Langmutr-Biodgett films as well 
as poly(vmyl alkanal acetal) was dtscussed tn relation to thetr glass transttton 
temperatures of the corresponding polymer bulk In thts case, the mtsctbhty 
between the exammed layer and probe layers was an Important factor The effects 
of molecular weight and the initial spatial arrangement of LB layers on the 
structural relaxation were also exammed 
In Chapter 4, the author applted this energy transfer method to a fatty 
actd multilayer The structure of the Langmutr-Blodgett film composed of 
cadmium stearate and poly(vinyl octanal acetal) was investigated by the energy 
transfer method. The direct observation of the thermal relaxatton process of 
composite film was also earned out by a transmtsston electron mtcroscopy The 
former method was very sensitive to the alteration of layer dtstance, 1 e, to the 
microscopic structural relaxation of the layered structure. On the other hand, the 
latter method was useful to understand the macroscopic st ructural relaxation of the 
film. 
In Chapter 5, photoreactive LangmUir-Blodgett films were made of 
poly(vinyl octanal acetal-co-vinyl cmnamate) (P(VO-YC)) and UY-trradiated to 
induce photocrosslinking of the polymer layers. The effect of photocrosslinking 
on the durability of P(VO-YC) layers against chemical treatment was examined 
by UV absorption spectra and solubility experiment Furthermore, the dtfference 
II 
in th1ckness between the UV exposed and unexposed regions was measured by 
surface plasmon spectroscopy The curing effect on the thermal relaxation of the 
layered structure was studied by the energy transfer method. 
In Chapter 6, in situ studies of the structures and properties of 
monolayer films on the water surface were done by the fluorescence method 
Poly(vinyl alkanal acetal)s were synthesized, and a part of the side chains was 
labeled w1th pyrene chromophores Fluorescence mtensity and lifetime of pyrenes 
were measured and the mfluence of the atmosphere on the emission mtens1ty and 
the l1fetime of the monolayer on the water surface was examined. The dynamic 
behaviOr of the monolayer was determined by measuring the excimer formation 
of pyrenes. Time-resolved measurements were employed to examine the mobility 
of the monolayer. 
Part II (Chapter 7,8) describes the control of phase transition by 
phot01somerizat1on of photosenSitive group m the system. 
In Chapter 7, a low molecular we1ght liqu1d crystal was mixed with a 
photoisomerizable molecule. The condit1ons of induced phase transition were 
examined for two different liquid crystal mixtures. One was a mixture of the low 
molecular weight liquid crystal with the low molecular weight azo compound, and 
the other was a mixture of the low molecular weight liquid crystal with the azo 
polymer. The effects of the concentration of guest molecules and of UV 
1Had1ation on these mixtures were examined. The mixture was examined with its 
feasibility as a photo-record1ng material. 
The phase separation between liquid crystal and azobenzene 
compounds gave rise to inhomogeneity, a serious defect as the recording material. 
In Chapter 8, liquid crystalline copolymers containing 4'-cyanobiphenyl-4-
oxyundecylacrylate (CB0-11-A) groups and phenylazophenyloxy-undecylacrylate 
(AB0-11-A) groups m various proportions were synthesized as non-aggregating 
samples. The liquid crystalline behavior of the copolymers was examined with 
respect to azo concentrations Isothermal phase transition of the copolymers was 
induced by the photoisomerization of azobenzene moiety by irradiation of 365 nm 
light. The response time of this phase transition was measured by using a strong 
12 
laser pulse (351 nm) . 
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Part I 
Structurnl Characterization of Ultra-thin Polymer Films 
Chapter· t 
Fluoa-escence Study of Polymer Diffusion and Its Analysis with 
an Appmximate Calculation for a Layea-ed Snuctua-e of 
Poly(vinyl pentanal acetal) Langmuia'-Blodget1 Films 
1-1. lnnuduction 
The Langmuir-Blodgett technique is an effective method to fabricate artificial 
molecular assemblies. It enables one to control the th1ckness of the layers by 
modifymg the chain length of amphiphilic molecules, and to arrange the multilayer 
structures by changing the substance at the molecular level. It also may permit 
fabricatiOn of a highly ordered film with molecular orientation In the LB film , 
one can expect to observe new aspects of chem1cal, physical , electncal , and 
b10logical processes Over the past few decades, a considerable number of stud1es 
have been made on LB films.1 3 
In the field of photophysics and photochemistry , Kuhn et al have stud1ed 
fundamental photophysical processes 4 They proved that basic photo-processes 
such as energy transfer and electron transfer can be con trolled by the nano-scale 
structure fabricated by the LB technique. They showed that the Forster theory 5 for 
the excitation energy transfer can explam the phenomenon in the real systems 
This means that the reverse is also possible, the layered structure of LB films can 
be probed by the energy transfer. 
Recently, to improve the stabil ity of LB films, polymer LB films have been 
examined extensively.6•15 Rmgsdorf et al. studied the structural stabtl1ty of LB 
films prepared from macrolipids which consist of two-chain surfactants mtercon-
nected by hydroph ili c polymer chains.9 The X-ray reflection measurement 
mdicated that the thermal stabtlity is improved markedly by the adjustment of the 
molecular flexibility . Rabolt et al. also examined the stability of polymeric LB 
fi lm by polarized infrared spectroscopy 11 The hydrophobic s1de chain attached to 
19 
a hydrophilic main chain showed a high degree of orientation. The orientation 
was disordered by heating, but it was mostly recovered during the cooling process. 
Poly(vmyl aJkanal acetal) has been studted as a representative of amorphous 
polymenc LB materials,16' 19 because it shows excellent properties on the deposition 
process; the transfer ratio of the monolayer onto various kinds of substrates was 
kept unity over a wide range of the conditions, and the resulting LB fi lms showed 
clear evidence that the deposttton was successfully carried out. Furthermore, this 
polymer ts useful as a base polymer to which various functional and probing 
moiettes can be mtroduced.20 
In this chapter, the diffusion process of polymer segments in the amorphous 
polymer LB films is discussed A theoretical calculation for the relaxation 
processes based on Forster kmetics5 is applied to the experimental results to 
evaluate the dtffuston coeffictent quantitatively 
1-2. Expe•imental Section 
1-2-1. Materials 
Poly(vmyl pentanal acetal) (PYPe) and its derivatives were synthesized by 
acetallzation of commercial Poly(vinyl alcohol) (PYA) (Wako Chemicals, 
dp=2000) wtth pentanal and chromophoric aldehydes, according to the procedure 
of Ogata et al. 10 PYA powder (0 5g), pentanal, and chromophoric aldehyde were 
mtxed m I 0 ml of chloroform containing two drops of hydrochloric acid. The 
reaction mixture was stirred for 24 h at 40 C. PYA powder dissolved in the 
solution as the acetalization proceeded. After the reaction, the solution was diluted 
with 40 ml of chloroform, and poured into I L of methanol containing a trace 
amount of sodtum hydroxide The polymer was purified by reprecipitation from 
benzene mto methanol three ttmes and then freeze-dried from benzene sol ution in 
vacuo. The chemical structures of the resulting polymers are shown in Chart I -1. 
Three kmds of PYPe were prepared: unlabeled PVPe for the spacing and 
protection layer, phenanthrene labeled polymer (PYPe-P) for the energy donating 
layer, and anthracene labeled polymer (PYPe-A) for the energy accepting layer. 
20 
Table t-1 represents the compositions of pentanal unit (x) and chromophonc untt 
(y) which were determmed from the elemental analysis and UY absorption spectra. 
1-2-2. Sample Prepru'3tion 
Pure water for the subphase was ton-exchanged, dtstilled and then finally 
passed through a purification system (Barnstead Nanopure II) A 
benzene-methanol (9 I) solution of each polymer (0 0 I wt%) was spread on pure 
water at 19 C in a Teflon-coated trough . The surface film was compressed at a 
rate of I 0 mm min 1, and transferred verttcally onto a substrate at 20 mN m 1 for 
PYPe, 17.5 mN m·• for PVPe-P, 18 mN m·• for PYPe-A, respectively . 
A non-fluorescent quartz plate (I 0 mm x 40 mm) was used as a substrate for 
the fluorescence measurements. It was cleaned in sulfunc acid containing a small 
amount of potassium permanganate, dtpped in 10% hydrogen perox1de solut1on, 
and then washed wtth water repeatedly . To make the quartz plate hydrophob1c, 
it was soaked in a toluene solution of trimethylchlorosil ane ( I 0%) for 30 min. 
Under these conditions, a good transfer ratio was obtained in both the up and 
down modes, yielding a Y -type built-up film 
Figure 1-1 illustrates the structure of the LB films for energy-transfer 
measurements. The sample films were fabncated on a quartz plate in the followmg 
sequence: (1) four layers of PYPe for the precoating layers, (2) two layers of 
PVPe-P for the energy donatmg layers, (3) n layers (n=0,4,8) of PYPe for the 
spacer between the donatmg layers and the accepting layers, (4) two layers of 
PYPe-A for the energy accepting layers, (5) (I 0-n) layers of PYPe for the 
protecting layers. To fix the composition of the film, the total number of layers 
was kept constant to be 18 layers by adjusting the number of the protecting layers. 
Therefore, sample films whtch have dtfferent spacing layers between the donor and 
acceptor layers but the same composltlons of PYPe, PYPe-P, and PVPe-A can be 
obtatned. The thickness of each layer IS estimated to be 0.9 nm.t0 These are 
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Figure 1- 1. 
PVPe 1 0-n layers 
PVPe-A 2 layers of energy acceptor 
PVPe n layers 
PVPe-P 2 layers of energy donor 
PVPe 4 layers 
Hydrophobic quartz plate 
Schematic illustration of the multilayer structure of the 
PVPe LB films for the energy-transfer measurement. The 
figure n means the number of spacing layers: 0, 4, and 8. 
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1-2-3. Measurements 
UV -absorption spectra were measured by a Shimadzu UV -200S spectropho-
tometer. The glass transition temperature (Tg) was obtained from differential 
scanning calorimetry (Rigaku Thermoflex DSC-8230). The fluorescence spectra 
were recorded by a Httachi 850 fluorescence spectrophotometer equipped with a 
thermoregulated sample chamber Heating and cooling rates were fixed to be 
0 5 C mm·• m the range 20-100°C A personal computer was used for the 
calculation of energy transfer efficiency on the way of the relaxation process. 
1-3. Results and Discussion 
To probe the structural relaxatiOn of the PVPe LB films, energy transfer 
effic1enc1es between phenanthrene (P) and anthracene (A) layers were measured. 
The donor chromophore P was selectively excited at 298 nm, and the transfer 
efficiency was evaluated usmg the fluorescence intensity ratio IA/IP on the 
spectrum, where IA IS the mtensity of A emiss10n at 438nm and lp is that of P at 
350nm. This method enables one to detect a small change in the distances 
between P and A chromophores, without considering the errors of intensity 
measurements among samples 
Figure 1-2 shows an example of spectral change of PVPe-P8A sample at a 
constant temperature 60 C . A drastic change of the spectrum was observed, 
md1cating thermal relaxation of the layered structure at the elevated temperature. 
Figure 1-3 shows the thermal stability of PYPe-PnA films by plotting the 
ratio IA/lp as a function of temperature. The energy transfer efficiency was 
measured at every 5 'C both in the heating and cooling process. The closer the 
distance between P and A, the higher the energy transfer efficiency observed, 
resulting in the larger value of IAIIP, as seen in PVPe-P4A and PVPe-P8A. On the 
contrary, the ratio IAIIP decreases when P and A begin to separate from each other, 
as seen in PYPe-POA wh1ch has a contact pair of P and A layers at the beginning. 
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Effect of heating on the energy transfer efficiency of PVPe-
PnA LB films: (0) PVPe-POA, ( \7) PVPe-P4A, (0 ) PVPe-
P8A. Closed symbols indicate the values for the heating 
process, and open symbols those for the cooling process. 
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above 50 C Compared wtth poly(vmyl octanal acetal) (PVO), the changes start 
at h1gher temperatures. It is probably due to the difference of the Tgs of PVO and 
PVPe, wh1ch are 25°C and 54 C, respectively . The films were completely 
disordered when the temperature rose to I 00°C. After heating the film up to 
1 00°C, the ratio IAIIP reached a plateau region and kept tts value even when the 
temperature decreased. Therefore, thts thermal relaxatton process can be regarded 
as an irreversible process Moreover, the energy transfer effictenctes of all 
samples showed similar values between 0.9 and 1.1 regardless of the number of 
spacer layers at the initial stage. 
Figure 1-3 provides a qualitative but general view of the phenomenon. To 
make a quantitative discussion on the diffusion process of the polymer segments, 
the energy transfer efficiency was examined for PVPe-POA, PVPe-P4A, and 
PVPe-P8A and the ratio IAIIP was mon1tored as a funct1on of t1me at constant 
temperatures between 40 and 80 C 
The energy transfer effic1ency of PVPe-POA wh1ch had no spacing layers 
decreased with time as shown in Figure I-4A. From this experiment, it is obv1ous 
that P and A chromophores diffuse to the surrounding layers, and consequently are 
separated from each other compared with the initial state On the other hand, P 
and A in PVPe-P4A and PVPe-P8A tend to approach each other compared with 
the initial state as shown in Figure 1-48, I-4C. The intt1al slope of the I '\liP 
curves is increased with the increase of temperature owtng to the rap1d relaxat1on 
Above 60 C, all three samples reached a plateau reg1on, the IAIIP value betng 
around 0.9-1 .1. A cast film which consisted of the same components as the LB 
samples were prepared on a quartz plate by a spin-coating method. The ratio IAIIP 
of the cast film was found to be 1.07, which is quite similar to the equilibrium 
value of the LB films after heating. From these results, 1t can be concluded that 
the layered structure of the LB films was completely disordered and mixed through 
the thermal treatment. 
The movement of chromophores in the LB films was stmulated by a 
modeling of diffusion process. The energy transfer efficiency of a pair of 
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T, = kT I (k 0 + k r ) 
k0 = 1 I "tn 




where k 0 IS the fluorescence em1ss1on probability of exc1ted donor m a umt t1me, 
kr is the probability of Forster-type energy transfer per un1t t1me, TIJ is the 
unquenched lifetime of donor, r IS the distance between donor and acceptor, and 
r0 is the criti cal transfer rad1us at which donor has an equal probab11ity of energy 
transfer to other decay processes ( 2.12 nm) . 21 Equations 1-4 and 1-5 are derived 
from eq 1-1. 
T, = 1 I [ 1 + f(r) 1 ] 
f(r) = { r0 I r }6 
... ( 1-4) 
... ( 1-5) 
In the case of plural donors and acceptors, energy transfer efficiencies are 
determined by the followmg procedures. Firstly, taking plural acceptors into 
consideration, f(r) 1s added up for all acceptors as follows. 
T, = 1 I { 1 + [ I I r. f(r) ] } ... ( 1-6) 
Then, the average of T, for all donors is calculated. 
T, = < 1 I { 1 + [ I I 'I. f(r) ] } > .. (1-7) 
To estimate the diffusion rate of chromophores by structural relaxation , a Gauss1an 
function , P(x} , was employed as a model of chromophore distribution m the 
direction of the film th1ckness (plane normal). 
P(x) - ( c0 I CJ .[iit ) exp ( -x2 I 2o2 ) ... ( l-8) 
where x is a displacement of a chromophore from the distributiOn center, c0 IS the 
concentration of chromophore, and a2 is the variance of distribution, which is 
related to the diffusion constant D as follows: 
d = 2Dt ... ( 1-9) 
Unfortunately, the analytical form of eq 1-7 cannot be obtained for a 
Gaussian distribution of both P and A. Therefore, an approximate equation was 
derived under the assumption that each chromophore is placed on a layer, 
considering the populat1on m a Gauss1an form by eq 1-8 Th1s means that the 
displacement x IS g1ven by an mteger, which represents the number of layers from 
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the substrate. Figure 1-5 shows a schematic illustration of the thermal relaxation 
process 
Let us assume that the nearest A from a certain P predommantly determtnes 
tts energy transfer effictency From this point of view, energy transfer efficiency 
is given as follows. 
T, = Jvo 2nrc exp (-n?c) { 1 I [1 + I I g(r)] } dr ... (1-10) 
r. 
g(r) = j(r) + J ~nrc j(r)dr ... ( 1-11) 
I" 
where c ts the concentration in a given layer, r is the distance between P and A 
chromophores, and r1 is the excluded distance of P and A due to their molecular 
stze Here r 1 = 0.6 nm was employed from the limiting area of acetal unit: 0 36 
nm2 The probability that the nearest acceptor appears at r from the center can be 
represented by 2nrc exp( -n?c). The influence of acceptors further than the nearest 
one must be small. Therefore, the contribution to the energy transfer efficiency 
was taken into account by the second term of eq 1-11, which represents the sum 
of energy transfer rates to A's appeared simply with the presence probability . 2rrrc. 
Using these equations, the energy transfer effictency T, was calculated for vanous 
distributions.22 Now, it becomes possible to fit the experimental data, T, •xpt• with 
this theoretical curve T, ca~c(02) as follows: 
T, 1xpt - k T, calc { 0 2) .. {1-12) 
0 2 2/)t + 0 02 ... (1-13) 
where k is the correction factor for the amplitude, and o2 in eq 1-9 is modified 
taking into account the initial dispersion, o0
2
. The author obtained the diffusion 
constant (D) of each samples which has a different number of spacers. Table 1-2 
shows the best fit values of D, k, and o0
2 using the least-square fitting method. 
Owing to the experimental condition, it was difficult to neglect errors when the 
temperature was too high or too low. For example, the relaxation of PVPe-POA 
at 80°C was too fast to get a reliable value of D, whi le the relaxation of PVPe-
P8A at 40 C was too slow and dtd not reach the final state withtn the experimental 
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Schematic illustratiOn for the thermal relaxation process of 
the layered structure. 
Fitting parameters for energy-transfer efficiency 
PYPe-POA PVPe-P4A PVPc-P8A 
DxiO 11 ' 0 -0 k Dxto·11 0 2 0 k DxiO 11 Oo 
, 
(cm2s 1) (nm2 ) (cm2s'1) (cm 2s ) 
I 2 0.051 07 I 3 3 6 
4.5 0.023 08 7 .5 33 08 59 89 
36 0 2.7 08 48 0 3 4 07 78 0 I 50 
53 0 3.7 09 180 0 37 0 7 210 0 13 0 
09 610 0 22 0 7 620 0 14 0 
A is the correction factor for the amplitude, D is the dtffusion constant, and 
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Arrhemus plot of diffusion constant of chromophores: (0 ) 
PYPe-POA, ( \7) PVPe-P4A, (0 ) PYPe-P8A 
t1me range. Therefore, these data are not shown in Table 1-2. Although there are 
some vanauons in the values of D, k, and o0
2 depending on the number of spacing 
layers, they are probably caused by the experimental restrictions. 
The initial variance a0
2 shows a slight preexistent relaxation before the 
thermal treatment This dispersion is partly due to the disordering after the 
dipping process. Especially PVPe-P8A shows a large value of o0
2 because of the 
larger error ansmg from the smaller IA value. Therefore, chromophoric layers 
have the standard deviations 0 0 of 1.5 to 3.5 nm in the as-deposited LB films. It 
should be noted that the expected thickness of chromophonc layers is 2 nm, 
because these are transferred as a Y -type film, i e, as a double layer. Figure l-4 
shows the calculated curves Good agreement w1th expenmental data was 
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obtained. 
The d1ffus10n constant of the chromophores (D) represents the structural 
relaxation rate of the multllayers For the sake of further d1scuss1on, the relation 
between temperatures and the d1ffus10n coefficients was plotted m F1gure 1-6 A 
lmear relauonsh1p was seen between the loganthms of D and the rec1procal of 
temperature. From the slope of the straight line, the apparent act1vat1on energy. 
!l£, for the relaxation IS calculated to be about !50 kJ mot ·• by 
D = D0 exp ( -6.E I RT ) . ( 1-14} 
The D value observed is in the order of 10"16 - 10"18 cm2 s 1. These values are 
similar to the values reported for the diffusion phenomena of bulk polymers.21 25 
The polymer cha1ns in the ultrathin LB films behave like those in a polymer bulk , 
but this point must be clanfied in details. Polymer diffusion in LB films is being 
studied by changing M \\• stereoregularity of the polymer, etc. 
1-4. Conclusion 
LB films contammg fluorescence probes were prepared from poly(vmyl 
pentanal acetal}, and the thermal relaxation of the layered structure was measured 
by the energy transfer between phenanthrene and anthracene chromophores Th1s 
experiment enabled one to evaluate the very small diffusion coeffi c1ent of polymer 
segments as a function of temperature. The values observed were rather cons1stent 
with those for polymer diffusion in bulk. Furthermore, the relaxation was closely 
related to Tg of the sample polymers. It should be noted that fluorescence 
spectroscopy provides us with a unique and powerful technique for probmg 
dynamic processes occurring in the nanometer dimension. 
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Chapter 2 
Fluon~scence Study of Polymer Diffusion and Its Analysis with 
the Monte Cruto simulation for a Layered Stmcture of 
Poly(vinyl aJkanaJ acetal) Langmui~Biodgett Films 
2-1. Introduction 
The Langmuir-Blodgett (LB) technique IS a prom1smg method to realize 
nano-architectures of organic materials. 1 Extensive investigations on LB films 
have been made on the design and fabncation of functional organic films 
Recently much attention has been paid to the polymer LB film,2'6 because it may 
overcome the drawbacks of conventional fatty acid films, associated with their 
poor thermal and mechanical stability.7·9 
The structural relaxation and stability of the amorphous polymer LB films 
have been studied by the fluorescence method.10' 14 PreviOusly, the thermal 
relaxation of the layered structure of poly(vinyl octanal acetal) LB films was 
studied by the energy transfer method to detect the structural disordering m the 
nanoscale order. A pair of layers containing the energy donor and acceptor 
chromophores were incorporated in spectroscopically inert layers, and the transfer 
efficiency from an excited donor to acceptors was monitored in the course of 
heating. The change of transfer efficiency clearly showed that the layered 
structure was irreversibly disordered and mixed by the thermal treatment. 
Sensitive detection is possible even for the weak fluorescence from a monolayer 
containing fluorescent probes with a content of only a few percent. By using this 
method, the aging effect of the layered structure11 , and the thermal relaxation of 
the structure under elevated temperatures14 have been examined. 
In this study, the distribution of eneq,,ry donating and accepting polymer 
segments is measured by the energy transfer method as a function of time and 
temperature, yielding the diffusion constants and activation energies of the polymer 
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diffusion . 
2-2. Experimental Section 
2-2-1. Materials 
Poly( vinyl alkanal acetal)s were synthesized by acetalization of commercial 
poly(vmyl alcohol) (Wako Pure Chemtcal Industries, DP= 2000) Details have 
been described in Chapter I. 10·15 The polymer was labeled with phenanthrene (P) 
or anthracene (A) chromophores by the reaction wtth the corresponding 
chromophoric aldehydes (Aldrich). 
Table 2-1 shows the fraction of chromophoric unit and alkyl unit m the 
acetalized polymers, PVB, PVPe, and PVO, where butanal, pentanal, and octanal 
were employed as the alkyl group, respectively . These fractions were determined 
by UV absorption of the phenanthrene unit and anthracene unit, and from the 
carbon fraction measured by elementary analysis Unlabeled polymers were used 
as the spacmg layer, whtle the polymers labeled with P and A were used for the 
l ll ·rgy donating and accepting layers, respectively . 
" 1 
A 
R 2 - C3H7, - C4H9, -C7 H1s 
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Table 2-2. Thickness of Spacer Layers, Crittcal Temperature (Tc) of LB Ftlms, 
and Glass Transition Temperature (Tg) of the Bulk Polymer 
Sample Thickness (nm) Tc (C) Tg (C) 
PVB-P8A 6.8 60 63 
PVPe-P8A 7.2 50 54 
PVO-P8A 8.2 35 25 
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2-2-2. Film Preparation 
The deposition of LB films was performed with a high transfer ratio both in 
the up and down modes yielding a Y -type LB film . Details have been described 
in Chapter I. 
Figure 2-1 shows the layer structure of sample film. For example, a PVO 
film consasts of 18 layers, in which two layers of PVO-P and two layers of PVO-
A were incorporated. These chromophoric layers were separated by spacing layers 
whose number of layers, n was 0, 4, and 8. These samples are abbreviated as 
PVO-PnA. Both outsides of the chromophoric layers were covered with at least 
two layers of PVO as the protection layers. Since the total number of layers was 
kept constant to be 18, the samples have the same compositions of PVO, PVO-P, 
and PVO-A, regardless of n The thickness of one layer is known to be 0.85 nm 
for PVB, 0.90 nm fo r PVPe, and 1.02 nm for PV0.9 
2-2-3. Measurements 
Fluorescence spectra were recorded by a Hitachi 850 fluorescence 
spectrophotometer equipped with a thermoregulated sample chamber. The spectral 
change under heating and cooling cycles was observed with a rate of 0.5°C min-1 
in the range of 25-1 OOoC. The glass transition temperatures (Tg) of the prepared 
polymers were measured with a Metler thermosystem model FP-85. 
2-2-4. Theoretical Calculation 
The diffusion in the LB film results in a distribution of chromophores in the 
direction normal to the film plane In th1s chapter assumed a Gaussian function 
is assumed for the distribution which is characterized by the distribution center x0 
and the variance ci. 
c(x) = ( cofo(2n) 1 '2)exp( -(x-x0f/2ci) ... (2- 1) 
where c(x) is the concentration of chromophores at the displacement x, and c0 is 
related to the total number of chromophores placed in the system. The variance 
0
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a~= 2 D t ... (2-2) 
A numerical calculation is performed to obtain the energy transfer efficiency 
under a g1ven d1st1button of chromophores which IS produced in a computer using 
random numbers. At first, acceptors (A) are placed randomly w1thin the space of 
film thickness, but keeping a Gaussian distribution in the axis normal to the plane. 
Donors (D) are also placed with a Gaussin d1stribution around the deposited plane 
Figure 2-2 1s a schematic illustration of chromophore distribution in a LB film . 
According to Forster theory ,16 the energy transfer rate constant from a certajn 
donor i to an acceptor j IS given by 
.. (2-3) 
where r,J IS the distance of separation between i and j r0 is the critical transfer 
rad1us at wh1ch a donor D has the rate of transfer equal to the ori ginal deactivation 
rate I h 0 . These parameters for the P and A pair can be obtained experimentally 
as ~~ = 2 12 nm and "to = 43 ns 17 The energy transfer takes place to all of 
acceptors, so the rate must be presented by the sum of eq. 2-3. 
k1 , = (1 /-ro) "'i.J(r/ r,/ ... (2-4) 
The survival probability p,(t) of the excited donor 1 at a timet is calculated 
as follows, 
p,(t) = exp( -ti-ro - k1,t) ... (2-5) 
Observed p(t) for the system, which corresponds to the fluorescence decay 
curve, is g1ven by the average of p,(t) over all donor molecules 
p(t) = ( 1/n0 ) r., p,(t) ... (2-6) 
where n0 is the number of donors. Integration of eq. 2-6 g1ves the fluorescence 
quantum y1eld q0 of donor under the steady-state excitation 
q[J = k, J~ p(t) dt ... (2-7) 
where k, IS the emiss1on probability of the excited donor. Therefore, the energy 
transfer efficiency Te is evaluated by 
... (2-8) 
where q00 IS the quantum effic1ency of donor without energy transfer. 
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All of these eqs 2-3 - 2-9 are numencally calculated for a g1ven coordmate 
of 0 and A chromophores. This procedure is repeated at least I 00 times for the 
d1fferent coordmates of D and A under the Gauss1an distnbut1on, then the 
averaged effic1ency, T.,. IS employed as the theoretical pred1ctton of enerbty 
transfer efficiency for a variance d. These calculations were performed for 
vanous vanances in a range of 0-100 nm~. and m an area of 20 '< 20 nm~. which 
is large enough compared with the criti cal radius r0 2 12 nm. 
2-3. Results and Discussion 
Figure 2-3 shows an example of spectral changes under the heating process 
The fluorescence spectra of PVO-P4A cons1st of P emission at 350 and 367 nm 
and A emission at 393, 416, and 438 nm The P chromophores were selectively 
exc1ted at a wavelength of 298 nm, but the efficient energy transfer from P to A 
yields both of the P and A emission on the spectra. The transfer efficiency is 
given by (lp0-l p)/Ip0, where lp is the fluorescence intens1ty of the P emission and 
Ipo IS that in the absence of energy transfer to the A layers However, the mtensity 
measurements from film to film result in an error of at least 5 %. Therefore, the 
mtens1ty rat10, IA/IP (1 ., IS the intensity of A emiss1on at 438 nm and lp IS the 
intensity of P at 350 nm) is adopted as a measure of the transfer effic1ency. As 
Figure 2-3 shows, thermal treatment of the LB films causes drasti c changes in the 
spectra, wh1ch IS observed only for the first rise of temperature, and once the 
sample is heated to I 00 C, it shows no appreciable change m the subsequent 
cooling and heating cycles. The value I) Ip after heating is s1mi lar to those of 
other samples, regardless of the number of spacmg layers, 1 e., regardless of the 
spatial arrangement at the initial stage. These findings indicate that the layered 
structure is irreversibly disordered and the chromophores are mixed by the heating 
process. 
Figure 2-4 shows the plots of IA/IP on the course of the first heating of PVB-
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to compensate the difference of acceptor concentrations among the samples At 
the beginning, the chromophoric layers were separated by eight layers of the 
spacing polymer, Table 2-2 shows the thickness However, the transfer efficiency 
markedly increased with the thermal treatment This shows that the donor-
acceptor layers become closer than the initial locations. 
The arrows in Figure 2-4 show critical temperatures, Tc, at which the rapid 
mcrease of transfer efficiency starts. Table 2-2 also shows these values. These 
temperatures depend on the length of the polymer side chains PVB films begm 
the relaxation at ca. 60cC, but PYO films show a much lower Tc than that of PVB 
films. Compared with the glass transition temperatures, Tg, of the polymer bulk, 
11 is clear that Tc is closely related to Tg. As the length of the side-chain becomes 
longer from PVB to PYO, the value of Tg decreases due to the flexibility of the 
alkyl chams Th1s affects the rate of disordering of the LB films. It is reasonable 
that the polymer chains have a similar flexibility and mobility both in a polymer 
bulk and in an ultrathin LB film . In the next step, the author will try to evaluate 
the diffusion constant D from the time-dependent efficiencies of the energy 
transfer 
The sample was placed m a thermoregulated chamber of a spectrometer and 
the energy transfer efficiency was monitored as a function of time. Figure 2-5 
shows the results for PYPe-P4A and PYO-P4A at various temperatures. 
Obviously , the h1gher the temperature applied, the faster the relaxation occurred 
For a quantitative analysis, the theortical calculation mentioned above was 
performed, where the transfer efficiency T.v for both PVPe-P4A and PYO-P4A 
samples were calculated in a range of variance of 0-100 nm2 (Figure 2-6). The 
saturated values for both samples at large variances differ from one another 
because of the d1fference of the acceptor concentrations and of the film thickness 
However, the features of these curves are quite Simi lar and also bear resemblance 
to the experimental curves shown in Figure 2-5 . These theoretical curves were 
fitted with the experimental data using the least squares method. In the fitting 
procedure, eq 2-2 was modified taking into account the initial dispersion o0~ of 
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.. (2-9) 
Since the monolayer was deposited as a Y -type film, a pair of mono layers have 
to be cons1dered as a structure unit of the layered system with a th1ckness of ca. 
2 nm The m1t1al d1stnbut1on expressed by the best fit value of the standard 
deviatiOn 0 0, is estimated to be 2-3 nm, i.e., the layered structure is sltghtly 
relaxed even tn the as-deposited films. 
The d1ffus1on constants evaluated are presented by an Arrhenius plot in 
Figure 2-7. A linear relationship of the logarithms of D against the reciprocal of 
temperatures is expected under a limited temperature range. From the slope of this 
plot, an apparent activation energy, E.P' is calculated by the next relation. 
D = D0 exp ( -E./RT) ... (2-1 0) 
The observed values of Dare in the order of 10.18-10.15 cm2 s·•, values of the same 
order having been reported for the diffusion of bulk polymers. 18•21 As Figure 2-7 
shows the PYO films have larger D and lower Eap than those of PYPe. Since the 
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molecular weight of PYO IS larger than that of PYP, because of the longer s1de 
chains attached However, F1gure 2-7 also shows that the mobll1ty of PYO 1s 
larger than that of PVPe To explatn th1s fact, the different values of Tg should 
be taken mto account The temperature range covered is h1gher than Tg for PYO 
(Tg = 25cC), however, 1t is tn the same range for PVPe (Tg = 54 C) Generally 
speaking, the temperature dependence of polymer diffusion can be descnbed by 
the WLF equation which was developed to discribe the rheolog1cal properties of 
amorphous polymers. The equation predicts that the apparent acttvat1on energy 
increases rapidly with decreasing temperature. The larger mobility observed for 
PVO is probably due to the much higher temperatures than the sample's Tg. 
The values of E.P were 3 5 kcal mot· ' for PVPe and 12 kcal mol 1 for PVO. 
These values are a few times smaller than those reported for various kinds of 
polymers in the bulk states.22 The reason for this disagreement is that the 
diffusion of polymer segments from a two-dimensional form to a three- di mensJOn-
al random co1l may take place with a lower activation energy than the d1ffus10n 
in a polymer bulk due to the thin layer structure. This point must be confirmed 
by a viscoelastiC study for the polymer bulk. 
2-4. Conclusion 
Ultrathin polymer films of poly(vinyl alkanal acetal) were made by the 
Langmuir-Blodgett (LB) technique, which enables one to fabncate layered 
structure with a thickness of only I nm per layer. The polymer monolayer on a 
water surface was successively deposited on a solid substrate as a two-dimensional 
form, but after the deposition, thermal relaxation of the layered structure occurred 
at elevated temperatures. The structural change in the nanometer dimension could 
be sensitively and quantitatively probed by use of energy transfer between 
fluorescent chromophores incorporated into each layer. The diffusion constants 
observed as a function of temperature were in the order of 1 o·•• - 1 o·15 cm2 s 1 
The thermal properties of the LB films are well characterized by the glass 
transitions of the bulk polymers 
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Thermal Relaxation Process of Several Polymeric Langmuir-Blodgett Films 
Measured by the Energy Transfer Method 
3-1. lnh'Oduction 
An amphiphilic substance that has both hydrophobic long alkyl chain and 
hydrophilic portion in one molecule is able to form a monolayer at the a1r-water 
interface. The monolayer becomes densely packed under compression at a 
constant pressure below the collapsing pressure. The monol ayer can be transferred 
onto a substrate, yielding a highly ordered multilayer in the direction of the film 
thickness. Recently , many polymeric Langmuir-Blodgett (LB) films have been 
examined because of their good mechanical and heat stabilities compared with the 
one made of long cham fatty ac1ds 1'4 Structures of polymeric LB films have been 
studied extensively by using X-ray ,5•9 IR,10' 13 electron microscopy ,14 and other 
measurements 15 17 One of the effective approaches to th1s problem IS the use of 
fluorescence spectroscopy The extremely high sensitivity of light detection can 
provide important mformation about the structure of the LB film Sufficient 
signals can be obtained from only a few mol% of chromophores m a polymer 
monolayer. 
In the previous chapters, 'g·'9 the energy transfer technique for studying the 
structural relaxation process of poly(vinyl alkanal acetal) LB films was appl1ed. 
The aging effect at room temperature and the thermal relaxation of the LB film 
at an elevated temperature have been examined previously. The energy transfer 
efficiency was Simulated by Forster kinetics on the basis of a diffus1on model 19, 
and the diffusion constant and its apparent activation energy were determmed 
In this chapter, the author examined the thermal propertieS of vanous 
polymer LB films by usmg the energy transfer method,20·21 and made clear the 
structural relaxation behav1or of the polymer LB films caused by heatmg, w1th 
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parttcular regard to the effects of the glass transttton temperature, polymer 
mtsctbtltty, and thetr molecular wetghts. 
3-2. Experimental Section 
3-2-1. Materials 
Poly(vmyl octanal acetal) (PVO) and its derivattves were synthesized 
according to the procedure reported by Ogata et al.22 Poly( vinyl alcohol) (PV A; 
dp 2000, Wako Pure Chemical Industries, Ltd.) was reacted with octanal (Wako 
Pure Chemical Industries, Ltd.) for the synthesis of PVO. Fluorescent probes were 
introduced tn PVO to make the probe polymers (PVO-P and PVO-A) with 
chromophonc aldehydes: phenanthrenecarbaldehyde or anthracenecarbaldehyde 
(Aldrich Chemical Company, Inc.). The synthesis of PVO derivatives was 
descnbed elsewhere.23 Poly(di-isopropyl fumarate) (PDiPF), poly(di-cyclohexyl 
fumarate) (PDcHF), and Poly(di-t-butyl fumarate) (PDtBF) were also prepared for 
the LB film The low molecular weight polymers are denoted PDtPF(S) (M\\ 
13,000) and PDcHF(S) (M" : 8,000) to dtsttnguish them from the htgh molecular 
wetght polymers denoted POtPF(H) (Mw: 400,000) and PDcHF(H) (Mv, 350,000) 
The synthests of poly(dtalkyl fumarate) is reported by Otsu et al. 14·15 Poly(isobutyl 
methacrylate) (PtBMA) was purchased from Tokyo Kasei Co. These polymers 
were punfied by the benzene-methanol reprecipitation twice. The molecular 
weights of the samples were determined by gel permeation chromatography (GPC). 
3-2-2. Sample Pn~paration 
A dtlute solution of these polymers (0.01 wt%) in benzene (Oojin 
Spectrograde) was spread onto the surface of pure water in a Teflon-coated trough 
(Kenkosha model SI-1) equipped with a Wilhelmy-type film balance. The surface 
film was compressed at a rate of I 0 mm min·1 and transferred vertically onto a 
substrate at a constant pressure 












fluorescence measurements. It was cleaned and made hydrophobiC by 
tnmethylchlorosllane A transfer ratio to the substrate was almost 1.0 in both the 
up and down modes, y1elding a Y -type bwlt-up film 
F1gure 3- 1 Illustrates the structure of the LB films for energy transfer 
measurements The films were fabncated in the followmg sequence· 
( 1) Two layers of a sample polymer (PYO, PDiPF, PDcHF, PiBMA) for 
the precoating layers. 
(2) Two layers of PVO-P for the energy donating layers. 
(3) n layers (n = 4 or 6) of the sample polymer (PYO, PDiPF, PDcHF, 
PiBMA) which is the same polymer as the precoating layers. 
(4) Two layers of PYO-A for the energy-accepting layers. 
(5) (8-n) layers of the sample polymer (PYO, PDiPF, PDcHF, PiBMA) for 
the protecting layers. 
Thus, two probe layers, PYO-P and PVO-A were embedded into the matrix of 
sample poly mer In order to fix the compositions of the LB film , the total number 
of layers was kept to be 14 layers by adjusting the number of the protecting layers. 
These LB films are abbreviated as PYO-PnA, P1BMA-PnA, PDiPF-PnA, PDcHF-
PnA, where n IS the number of spacing layers. 
3-2-3. Measurements 
The molecular weight of the samples were estimated by GPC (Tosoh HLC-
802UR) w1th THF at 38°C as the eluent on the basis of calibration with standard 
polystyrene. The glass transition temperature (Tg) was obtained from the 
differential scanning calorimetry (MAC Science DSC-31 00). The film thickness 
of PDiPF-PnA LB layer was measured by ellipsometry (Mizojiri Kogaku) and the 
thickness of PD1PF-PnA LB film was measured by surface plasmon spectroscopy. 
The fluorescence spectrophotometer equipped with a thermoregulated sample 
chamber was used for the energy transfer measurement. Heating and cooling rates 
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3-3. Results and Discussion 
3-3-1. Surface pressure-area isotherms of polymer LB films 
Ftgure 3-2 shows the surface pressure - area (F-A) isotherms of examined 
polymers. PYO monolayer was deposited onto a quartz plate at 20 mN m·1 . The 
surface pressure of PtBMA (Figure 3-2(b)) shows an inflection at 13 mN m·1 
Natto reported that the film ts stable at the surface pressures before the mflection ~• 
lie observed collapsed features of the monolayer after the inflection by X-ray 
analysts The PDtPF monolayer is also able to be deposited on a substrate 
uniformly at 20 mN m·1. Its surface pressure increases sharply at the area of 0 9 
m~ mg 1 PDcHF monolayer collapses at 15 mN m 1 as shown in Figure 3-2(d) 
The bulky stde cham seems to interfere the close packing of the monolayer. A 
stmi lar phenomenon was also observed in the F-A isotherms of PDtBF that had 
more bulky side chams The PDtBF monolayer collapsed only at 10 mN m· 1, so 
thts matenal was not used tn the followmg expenments. 
3-3-2. Measurement of energy transfer efficiency 
The energy transfer efficiency is strongly influenced by the distance between 
donor (D) and acceptor (A), because the transfer rate is determined by the inverse 
stxth power of the separatton dtstance When the layered structure of the film 
becomes disordered owing to structural relaxation, the distance between D and A 
changes from the inttial value to a smaller one, then, the energy transfer efficiency 
mcreases Consequently, the relation between the energy transfer efficiency and 
the temperature reflects structural relaxation behavior of the LB film . Figure 3-3 
shows a spectral change of PDiPF(H)-P4A caused by thermal treatment. The 
dashed lme shows the data measured at 30 °C and the solid line was measured at 
I 00 °C . A drastic spectral change was observed for this sample. With elevating 
temperature, the mtensity of anthracene emission at 438 nm (IA) markedly 
mcreased while the intensity of phenanthrene emission at 350 nm (Ip) decreased. 
This clearly indicates the structural relaxation by heat treatment. All the samples 
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spectra. In order to mm1m1ze the experimental error for each samples, IA/IP was 
adopted as a measure of the energy transfer efficiency, and its change was 
measured as a function of temperature. 
3-3-3. Thermal behavior of va~ious polymer LB films 
Figure 3-4 shows the thermal stability of various polymer LB films by 
plottmg the ratio IA/IP as a function of temperature. The results for PVO-P4A, 
P1BMA-P4A, P01PF(H)-P4A, and PDcHF(H)-P4A were shown in Figure 3-4(a) 
through 3-4(d), respectively. The energy transfer efficiency was measured at 
every S°C on the heating process and every I 0°C on the cooling process. The 
heating and cooling rates were fixed to O.S°C min·•. The closer the distance 
between p and A, the h1gher the energy transfer efficiency (IA/IP) becomes. The 
1 II value increased 1rrevers1bly with the nse of temperature for all the samples. A p 
The arrows in F1gure 3-4 show critical temperatures, Tc, at which the rapid 
mcrease of transfer effic1ency starts. 
The data of thermal properties are summarized in Table 3-l . The initial 
distance between P and A is estimated by the thickness of each polymeric 
monolayer and the number of spacing layers. The transition point of polymer bulk 
measured by DSC (Tosc ) and the critical temperature {Tc) of the LB films 
mentioned above are listed m Table 3 -I. lA IlP( I 00 C) represent the values of the 
transfer efficiency at I 00 C in the first run . By comparing Tc with T osc. it is clear 
that there is a close relatiOn between these two temperatures. In the case of PVO 
and PiBMA, T osc corresponds to the glass transition temperature. Therefore, the 
rapid structural relaxation occurs by a large scale segmental motion, and this 
relaxatiOn leads to complete destruction of the LB film structure, giving a mixed 
state of the polymer chams This is the reason why the IA/IP values of PVO-P4A 
and P1BMA-P4A became a constant value around I 00°C . The IA/IP value of PVO-
P4A kept constant dunng successive heating and cooling cycles owing to their 
m1sc1bility, while the IA/IP value of PiBMA-P4A increased during succesive 
cooling cycles because of the phase separation. On the other hand, the JA/IP value 
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Table 3-1. The Layer Th1ckness, the Thermal Properties of the Samples and 
Energy Transfer Efficiency at I OOc'C, I A/I t>( I 00 'C) 
Sample Imtial DSC T ~> c 1"/Ip( l 00 "C)3) 
01stance1> Transition 
(nm) (C) (C) 
PVO-P4A 40.8 2S 35 2.5 
PYO-P6A 61.2 2S 4S 2.1 
P1BMA-P4A 44.0 53 45 47 
P1BMA-P6A 66 0 53 so 4 s 
PD1PF-P4A 32.4 75 65 3 s 
PDiPF-P6A 48.6 7S 70 1.8 
PDcHF-P4A 75 60 3.2 
PDcHF-P6A 75 70 I 9 
1) The mitial distance between donor and acceptor layers The film 
th1ckness for PVO and P1BMA was measured by ellipsometry and that 
for P01PF was measured by surface plasmon. 
2) The temperature at which the rapid increase of IA/Ip begins. 
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for PDiPF(H)-P4A and that for PDcHF(H)-P4A increased gradually on the heating 
process up to l20°C, and 1t may keep on increasing further . However, in this 
expenment, 1t was difficult to measure the IAflP value at temperatures above l20°C , 
where the emission spectra of the fluorescent probes became too broad to obtain 
accurate val ues of IAflP. As for the molecular motion of PDiPF in the solid state, 
Otsu et al reported that PDiPF does not show a clear Tg below its degradation 
temperature. 25 Takayanag1 et al. observed a small absorption at 97°C by the 
measurement of the storage and loss modult of the PDiPF film. 26 They assigned 
this absorptiOn to the side chain motion of ester groups. W e also detected a small 
transition signal at 75°C for the fumarate polymer by the DSC measurement. This 
temperature is difficult to define as typical Tg owing to the thermal property 
describes below, it is abbreviated as T.ub· Th1s temperature is close to Tc of the 
sample LB film . Thus, 1t can be s<Ud that very local motions of the fumarate 
polymer become active at this temperature. 
The structural relaxation of the film caused by heating was measured with 
changing the number of layers (4 or 6). The influence of the layer number of 
spacer on structural relaxatiOn was studied The IAnP for P1BMA-PnA {n=4 and 
6) and that for PDiPF(H)-PnA (n=4 and 6) were plotted against temperature in 
Figure 3-5(a) and Figure 3-5(b), respectively. In both samples, Tc was found to 
be not so different regardless of the thickness of the spacing layers. The 
IAflP{l 00 C ) value for P iBMA-P6A was almost the same as that for PiBMA-P4A, 
while, the IAflP( I 00°C) for PD1PF-P6A was much smaller than that for PDiPF-P4A. 
The stru ctural relaxation of P1BMA films occurred more drastically with increase 
of temperature, especially above 53°C" the Tg o f PiBMA. This is evidence that 
the long range motion of polymer segment is tnduced above 1ts Tg. There, the 
ptled layers penetrated each other three-dimensionally due to the structural 
relaxation of the multilayer, followed by a rapid aggregation of chromophoric 
layers. On the other hand, the structural relaxation for PDiPF film occurred very 
slowly compared with the relaxation of PiBMA film. It took a longer time to 
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Th1s slow relaxat1on speed is probably due to a small scale motion of DiPF 
polymer Therefore, the value of Ii l p{l00°C) for PDiPF-PnA depends on the 
number of spacmg layers It can be concluded that the d1fferent hystereses arise 
from d1fferent mob1hties of each polymer 
3-3-4. Phase separation between polyme~ 
Polymer chains begin to move actively above its Tg or Tsub and the structural 
relaxation of the layered structure of LB film proceeds on heating. This process 
can be mont to red by the energy transfer efficiency. The layers interpenetrate each 
other and as a result, the distance between 0 and A layers becomes shorter, 
mcreasing the energy transfer efficiency IAIIP. 
In the case of PYO-P4A, the probing layer and the sample layer are 
composed of the same kind of polymer, PVO. With the increase of temperature, 
the 1./lp value nsed to the saturated value of 2.5 - 3.0, which was kept constant 
dunng the success1ve cooling and heating cycles; the system reached a stable 
d1sordered state. On the other hand, heterogenious LB film such as PiBMA-P4A, 
PD1PF-P4A, or PDcHF-P4A shows slight increase in the cooling mode. This 
mcrease 1s due to the phase separation and aggregation of chromophoric layer. 
The IA/Ip( I 00 C) value of PYO films is close to the value predicted by Forster 
theory under the assumption of the random distribution of chromophores in the 
whole film Th1s result means that all the layers are randomly intermingled by 
structural relaxation. To prove this randomization of chromophores, a PYO cast 
film was fabricated with the same concentration of chromophores as PVO-PnA 
film made by the spin-coating method. P and A chromophores can be regarded 
to take the random distribution in this cast fi lm. The IAIIP value of the cast film 
corresponded to the IA/lP( 1 00°C) value of the LB film. This result also indicates 
the complete disordering of the LB layered structure. 
The 1/ I .. (IOO C) value for PiBMA LB samples showed higher values than 
3 0 as shown m F1gure 3-5(a). This behavior can be explained by the phase 
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The phase separat1on anses from the structural d1fferences between the 
chromophoric polymer and a sample polymer. When a polymer chain is allowed 
to move tn the polymer matnx, a planar conformation confined to the two-
dimensiOnal layer IS relaxed If the probe polymer is incompatible with the 
matrix, the polymer 1s likely to form a droplet in order to decrease the surface 
energy A contmuous heat treatment w1ll accelerate the growth of the droplet 
involvtng the aggregation of both PVO-P and PVO-A polymers. Consequently, 
P and A chromophores are concentrated tn the domain of PVO, resulting in a high 
energy transfer effic1ency compared w1th that for a homogeneous distribution of 
chromophores in the matrix. The mobility of polymer chains of PiBMA increases 
greatly above Tg and a rapid progress of phase separation occurs for PiBMA-PnA 
(n=4,6) samples (See Figure 3-5(a)). PDiPF(H)-P6A and PDcHF(H)-P6A; 
however, showed a gradual increase of IAIIP and the final value becomes higher 
than 3 0 In the case of PDiPF(H)-P6A, the smaJI scale segment motion of the 
sample polymer contributes to the structural relaxation of the LB film . The 
destructiOn of film structure is not completed within the observation time and the 
IAIIP is cons1dered to tncrease further due to the phase separation. The diffusion 
rate of the spacing layers governs the rate of phase separation and the growth of 
three-d1mensional domain of each component. 
To study the mfluence of diffusiOn process on the structural relaxation, the 
molecular weight effect was examined for the fumarate polymers. Figure 3-7(a) 
and 3-7(b) show the results for PDiPF and PDcHF, respectively In both polymer 
LB films, Tc was almost the same despite the difference in the molecular weight. 
The thermal hysteresis, however, showed different shapes depending on the 
molecular weight This d1fference of hysteresis demonstrated that the 
chromophoric layers easi ly aggregate since the spacing layer of PDiPF(S) shows 
more rapid structu ral relaxation than that of PDiPF(H). 
3-4. Conclusion 
Thermal relaxation behav1or of several polymer LB films was investigated 
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by observmg the change of energy transfer effic1ency ustng PVO-P and PVO-A 
probes. The structural relaxation of the LB film occurred by heat treatment. A 
drastic relaxation of the LB film was observed above the Tg of the bulk polymer, 
where each layer was no longer restncted tn a two-dimensional plane When the 
probe polymer was incompatible with the sample polymer, a phase separation 
accompan1ed the thermal relaxatiOn The thermal hysteresiS of lA liP was character-
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Chapter· 4 
Thermal Relaxation Pmcess of Cadmium Stearate Langmuir-Blodgett Film 
Measured by the Energy Tr-ansfer· Method 
and Tr-ansmission Electron Micr'Oscopy 
4-l. Introduction 
The LB technique ts a useful method to fabricate arttficial molecular 
assemblies. The understanding of the molecularly ordered structure in LB films 
is essential from the fundamental and application standpoints 1 Many attempts 
have been made to determtne the mono- and multilayer structures by means of 
electron diffraction,2.3 X-ray diffraction,48 Raman scattering,9 infrared spectrosco-
py, 10' 13 and other methods.14"18 Transmission electron microscopy (TEM) has also 
been widely used for the mvestigation of LB multtlayers. The morphology of the 
fatty acid monolayer was examined by the shadow-casting method at the 
bright-field imaging mode 19"21 Matsumoto et at. demonstrated the presence of 
small scattered cavities in the stearic acid monolayer with a dark-field imagmg 
mode.22·23 
One important research subject is the stability of LB films against the 
thermal influence.24 The conformational relaxation of the fatty acid chains and 
penetration into the neighboring layers causes structural changes of the whole LB 
film on the heating process. Detailed studies at elevated temperatures were carried 
out by Naselli et al. 10 They examined the thermal changes of arachidate LB 
multilayers by infrared spectroscopy and found a two-step meltmg process, a 
pre-transitional disordering of the hydrocarbon tail prior to the melting point of 
cadmium arachidate. 
The energy transfer method was applied as a probing technique for the 
structural relaxation and the thermal stability of polymer LB films.25.27 The 
transfer efficiency is determined by the inverse sixth power of distance between 
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donating and accepting chromophores. Therefore the energy transfer method is 
capable of probing a small change in the layer distance, and a sensitive detection 
IS poss1ble even for the weak fluorescence from a monolayer contaming only a few 
percent of fluorescent probes. 
In th1s chapter, the thermal stability of the stearate LB film w1th 
chromophoric polymer layers is examined by the energy transfer method. The 
chromophores are randomly distributed in the polymer layers between which a 
stearate film 1s placed The d1stance change 1s monitored by the energy transfer 
efficiency Furthermore, a d1sordered structure at an elevated temperature is 
observed by TEM. The relaxation processes of the stearate LB film will be 
d1scussed 
4-2. Experimental Section 
4-2- I. Materials 
Poly(vmyl octanal acetal) (PVO) w1th chromophores was synthesized 
accordmg to the procedure studied by Ogata et a1 !s Poly(vmyl alcohol) (PV A, dp 
= 2000, Wako Pure Chem1cal Industries, Ltd.) was reacted with octanal (Wako 
Pure Chemical Industries, Ltd.) and chromophoric aldehyde which was 
phenanthrenecarbaJdehyde or anthracenecarbaldehyde {Aldrich Chemical Co. Inc.). 
The detail s of the synthes1s were reported m chapter 1.25•26 
From an elementary analysis and UV absorption spectra, the compositions 
of the chromophoric polymers were determined. PVO with phenanthryl group 
(PVO-P) contains a phenanthrene moiety of 12%, and PYO with the anthryl group 
(PVO-A) contains an anthracene moiety of 7%. Stearic acid was purchased from 
Wako Pure Chemical Industnes. 
4-2-2. Energy Tr-ansfer Efficiency 
To probe the structural relaxation of the composite LB films, the energy 
transfer efficiencies between phenanthrene (P) and anthracene {A) layers were 
measured The critical radius of the energy transfer (Forster radius) between P and 
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A was 2.12 nm, and the donor chromophore P was selectively excited by 298 nm 
light The excitation energy on a P unit transfers to the A units over the spacing 
layers. Here, the energy transfer effic1ency depends on the distance between P and 
A chromophores. Previous stud1es showed that the chromophores are randomly 
distributed in the polymer layers. The transfer effic1ency was evaluated usmg the 
fluorescence intensity ratio, IAII P on the spectrum, where lA is the intens1ty of A 
emission at 438 nm and Ip is that of P emission at 350 nm The ratio of 
fluorescence intensities is enough to evaluate the energy transfer efficiency since 
the emission bands of the chromophores are separated suffic1ently. Moreover, this 
method is convenient to eliminate the errors of intensity measurements among 
samples and to detect a small change of the distance between P and A 
chromophores. 
4-2-3. Sample Pn~paratiort 
LB films were prepared as follows. Pure water for the subphase was 
ion-exchanged, distilled, and then finally passed through a water purification 
system (Barnstead Nanopure II) For the polymeric monolayer, a 
benzene-methanol (9 : I) solution of the chromophonc polymer (0 0 I wt%) was 
spread onto pure water in a Teflon-coated trough (Kenkosha Model Sl-1) at I9°C . 
The surface pressure-area (Jt-A) isotherm was recorded by using a Wilhelmy-type 
film balance (Shimadzu Model ST-1) The surface film was aJiowed to stand for 
I 0 min to evaporate benzene, compressed at a rate of I 0 mm mm 1, and then trans-
ferred vertically onto a substrate at 17.5 mN m·1 for PYO-P, 20 mN m 1 for 
PYO-A. For the stearate monolayer, the subphase was prepared with the mixture 
of cadmium chloride and sodium hydrogen carbonate (Wako Pure Chemicals) 
The pH of the subphase was adjusted to be 6 2 The benzene solution of stearic 
acid (0.1 wt%) was spread onto the subphase at 19°C and also transferred 
vertically onto a substrate at 30 mN m·•. This layer is abbreviated as ST. As for 
the substrate, a clean quartz plate was made hydrophobic by trimethylchlorosilane 
for LB deposition . Silicon wafers were used for ellipsometry. A thin carbon film 
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on a cover glass (22x40 mm Matsunami) was prepared as a substrate for the TEM 
The carbon was subltmated below 6.7xl0'5 Pa. The surface film was successfully 
transferred on a hydrophobic quartz plate and deposited as a Y -type film with a 
transfer ratio of 0 9 - I 0 The surface film was transferred onto a silicon wafer 
only tn the up mode for the first dipptng because 1ts surface is hydrophilic. The 
depos1t1on for the followmg dips took place in both modes and formed a Y -type 
film . 
Protection Layer ST 6-n (n = 0,2,4) 
Energy Accepting Layer PVO-A 2 
Spacing Layer ST n (n = 0,2,4) 
Energy Donating Layer PVO-P 2 
Precoating Layer ST 2 
Substrat e 
Figure 4-1. Schematic Illustration of the multilayer structure of the LB film . 
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Figure 4-1 Illustrates the structure of the LB film for energy transfer 
measurements The sample films were fabricated on a quartz plate tn the 
following sequence 
( 1) two layers of ST for the precoattng layers; 
(2) two layers of PYO-P for the energy donating layers, 
(3) n layers (n = 0,2,4) of ST for the spacer between the donating layers and the 
accepting layers; 
(4) two layers of PYO-A for the energy accepting layers, 
(5) (6-n) layers of ST for the protecting layers 
In order to compare the relaxation processes under the same conditions, the 
total number of layers was kept at 12 layers by adjusting the number of protecting 
layers. In this way, it was possible to prepare sample films having different 
spacing layers between the donor and acceptor layers but the same film th1ckness 
and the same composition of PYO-P, PYO-A, and ST. These are abbrev1ated as 
ST-PnA where n IS the number of spacing layers LB film composed of only 
polymeric materials was prepared It contains PYO, PVO-P, PYO-A, where PYO 
was used as spacmg and protecting layers in place of ST These films were 
abbreviated as PVO-PnA, where n is the number of spacmg layers The same 
structure of the LB sample was also prepared on an evaporatmg thm carbon film 
for TEM experiments. The deposited carbon film was slowly 1mmersed mto pure 
water at an angle of I Oc to peel off from the cover glass and the film was left 
on the water surface. A 400 mesh copper specimen grid (Oh-ken Trad1ng Ltd.) 
was placed beneath the film and then lifted up to be covered w1th the film This 
procedure follows the report of Matsumoto et al.23 
4-2-4. Measurements 
The film thi ckness was measured by an ellipsometer (Mizojtrt Kogaku). The 
content of cadmium tn a cadmiUm stearate monolayer was determtned by a 
flameless atomic absorpt1on spectrometer (AAS; Shimadzu AA-670G) AAS was 
used fo r the est1mat1on for the cadmium content in the stearate monolayer It was 
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earned out by the standard addition method aimmg at an acculate analysis. The 
reference samples were prepared for making the calibration curve. The fluores-
cence spectra were recorded by a Hitachi 850 fluorescence spectrophotometer 
equtpped wtth a thermoregulated sample chamber Heating and cooltng rates were 
fixed to be 0 5 mm 1 in the range of 30 - 120 C A transmission electron 
mtcroscope (TEM JEM200-CX) was used for the observatton of the thermally 
relaxed LB film The sample was kept for one night after the thermal treatment 
and the TEM observation was carried out at room temperature. 
4-3. Results and discussion 
4-3- 1. Surface Pressure-Area Isotherms 
Ftgure 4-2 shows the n-A isotherms of the chromophoric polymers. The 
surface pressure rose sharply at the area of ca. 1.0 m2 mg·• and the monolayer 
collapsed at 25 - 30 mN m·•. The monolayer is transferrable onto various solid 
substrate, quartz plate, carbon film, silicon wafer, plastic plates and so on, in a 
wtde range of surface pressure. However, the thickness of LB films obtained 
depends on the pressure of deposition. The film shows the insuffic1ent packing at 
the lower pressures. Therefore, the deposition was earned out around 20 mN m·• 
which 1s I 0 - 20% lower than the collapse pressure. The thickness of those 
polymer LB films was measured by ellipsometry, and the same value ( 1.02 nm for 
one layer) was obtained for both PVO-A and PVO-P films. 
As for stearic acid, a benzene solution was spread on the subphase which 
contams cadmium chloride and sodium hydrogen carbonate with various 
concentrations at 19°C . Figure 4-3 shows the :rt-A isotherms of the cadmium 
stearate at vanous pHs. The pH range was varied from 5.8 to 6.2 by the mixing 
of cadmtum chlonde and sodium hydrogen carbonate. Little difference was 
observed tn thts pH range. However, without sodium hydrogen carbonate, the pH 
value of water became rather low, and the stearic acid monolayer was likely to be 
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et al reported that a XY type film was obtained by the vert1cal dipping 29 
Therefore, to budd a stable Y -type multilayer, the deposition of cadmtum stearate 
was carried out at pH 6.2. The thickness of each sample was measured by 
ellipsometry and 1t was calculated to be about 2.5 nm from a linear relationship 
between the number of layers and the film th1ckness The value of film thickness 
was m good agreement with the reported values. 30 The Forster radius between 
phenanthrene and anthracene is estimated as 2.12 nm, so the energy transfer 
effectively occurs m the sample w1th a th1ckness of a few layers. 
4-3-2. Thermal Relaxation Behavior 
F1gure 4-4 shows the spectral changes of ST-P4A by thermal treatment at 
I 00 C for 2 hours At the beginning, the fluorescence from A unit is very little 
due to the selective excitation of P unit and the long distance of separation 
between P and A layers. The weak A em1ssion observed prior to heating probably 
arose from d1rect excitation of the A unit which has a little spectral overlap of the 
absorption band at 298 nm The A em1ssion is also due to energy transfer 
between P and A; the transfer efficiency at this distance is estimated to be a few 
percent The A em1ssion markedly increased with a decrease in the P emission at 
the elevated temperature Thts clearly shows the structural relaxation by heating. 
The thermal stability of ST-PnA films was probed by plotting the ratio IA/IP 
as a functiOn of temperature, as shown m Figure 4-S(a). The energy transfer 
effic1ency was measured at every 5'' dunng the heating process and at every 10 
dunng the cooling process. As seen in ST-P2A and ST-P4A, the IA/IP rose sharply 
dunng the heatmg process. Chromophores came closer in this disordering process 
In the case of ST -POA which has no spacmg layer, the IA/IP ratio decreased during 
the heating process. This result indicates that the average distance between P and 
A became longer than that of the initial state. This may be caused by segmental 
d1ffus1on of polymer cham from a two-dtmensional form to a three-dimensional 
one, or by penetratiOn of ST molecules mto the polymer domain, which results in 
dtlution of donor density and acceptor density and decreases the number of donors 
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Figure 4-5. (A) Effect of heating on the energy transfer efficiency of 
ST-PnA LB films: (a) ST-POA, (b) ST-P2A, (c) ST-P4A, 
Closed symbols indicate the values for the heating process, 
and open symbols indicate those for the cooling process. 
(B) Effect of heating on the energy transfer efficiency of 
PYO-P4A LB fi lm: Closed symbols indicate the values for 




suffered structural relaxatiOn at the elevated temperatures The compos1te LB film, 
ST-PnA composed of chromophoric polymer layers and ST layers with a mixture 
of stearic ac1d - cadmium stearate. Compared with the polymenc LB film, 
PYO-P4A (Figure 4-5(b}), more drastic structural relaxation occurred m ST-PnA 
around the 80 - 90°C. The spacing layers of ST-PnA consisted of fatty acid and 
1ts cadmiUm salt crystals and melted down at the charactenst1c temperature. The 
transition point of ST -PnA depends on the content of cadm1um stearate m steanc 
acid. An atomic absorption spectrometer which is quite effect1ve for the 
microanalysis of heavy metals was used for measunng the cadmiUm content in the 
stearate monolayer. From this measurement, 0.65 ng cm·1 of cadmium on average 
was found to be contained in a ST monolayer, i.e., 62% of steanc acid formed 1ts 
cadmium salts. The phase transition temperature becomes h1gher w1th the mcrease 
of cadmium content. Nomaki et al. reported from DSC measurement H that the 
phase trans1tion of Cd stearate LB films occurs at 80 - I I 0 C Th1s DSC result 
also supports our results of thermal measurement. At temperatures h1gher than 
I 00°C, the IA/IP became constant and did not change even when the temperature 
decreased The film was completely d1sordered and never recovered the m1t1al 
state. This thermal relaxation process can be regarded as an mevers1ble process. 
Regardless of the number of spacing layers, the I / Ip for all the samples took a 
value in the range from 4.5 to 6 0. Whereas, the relevant plateau value of IAIJP for 
the PYO-PnA samples was about 2.5. The layers of the PVO-PnA film can be 
mixed homogeneously after d1sordering because all layers are composed of the 
same kind of polymer chains. Theoretical calculation predicts a similar value of 
IA/Ip, i.e., 2.5, when the donor and acceptors are statistically d1stributed throughout 
the LB film . The larger value of IA/IP for ST-PnA compared w1th the theoretical 
prediction suggests that ST and PVO were separated and formed individual 
domains. In the polymer domain , the distance between the donor and acceptor is 
much closer than that calculated for a random distribution. 
The isothermal measurement of energy transfer efficiency was performed at 
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Energy transfer efficiencies for ST -P2A as a function of 
time at different temperatures: (a) 60 °C, (b) 70 °C, (c) 80 
°C, (d) 90 °C. 
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90 C as shown in Figure 4-6 At 90 C, the 1,/IP of ST-P2A showed a sharp 
change related to the melting point of the spacer, and the composite film 
d1sordered completely. 1,/lp at 80°C changed more slowly than that at 90 C 
Under 80°C, the change of IA/lP was very slow and the value did not nse to the 
value 4 .5 which is regarded as a completely disordered and separated state. At 
temperatures lower than 50°C, no obv1ous change was seen w1thm this experimen-
tal time range. These results show that the thermal property of spacmg layers 
predominantly governs the stability of the PnA LB film. 
4-3-3. Disonlered Stmctm-e Observed by TEM 
Transmission electron microscopy was used for the observation of disordered 
structure in the LB film . Figure 4-7 shows a typ1cal dark-field electron micro-
graph of ST-P2A fi lms: (a) before the heat treatment and (b) after the long-time 
heat treatment at a high temperature, 120°C . No obvious structure was seen trt 
Figure 4-7(a). However, once it was heated around 120°C for a sufficiently long 
time, a structure due to the relaxation of layered film clearly appeared as shown 
m Figure 4-7(b ). As all observatiOns were earned out in a dark-field, the bright 
portions show the area enriched with cadmium, because of the large scattering 
power of electron beam. No image could be seen when the sample was prepared 
without cadmium salt. In the preceding section, the IA/lP rat1o of ST-P2A was 
found to reach different values at different temperatures (Figure 4-6). Several 
temperatures were chosen for the heat treatment to examme the different 
disordered structures of ST-P2A film by TEM. Figure 4-8 shows the electron 
micrographs at several temperatures. Unclear striped wrinkle-like patterns appeared 
at 70°C (Figure 4-8(a)). This suggests that the relaxation of films occurs partly 
at 70°C. However the polymer LB film was not separated from the stearate LB 
films. Judging from the energy transfer efficiency, the layered structure is still 
kept at th1s temperature. The sample treated at a high temperature I 00°C, at 
which the IAIIP changed markedly, had a different texture in the electron micro-
graph (Figure 4-8(b)) Many rod-like structures appeared and increased in size 






Dark-field TEM observation ofST-P2A LB film · (a) before 
thermal treatment, (b) after thermal treatment at 120 oc for 







Dark-field TEM observation of ST-P2A LB film at dtfferent 
temperatures · (a) thermal treatment at 70 °C for 2 hours, (b) 
thermal treatment at 100 oc for 3 hours, (c) thermal 
treatment at 120 oc for 2 hours. 
(b) (c) 
Dark-field TEM observation of ST-P2A LB film as a 
function of time at 100 °C: (a) before heattng, (b) after 30 
minutes, (c) after 180 minutes. 
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Figure 4-9 shows the progress of the relaxation process at 1 00°C as a 
funct1on of treatmg t1me. At first, no obvious structure was seen before the heat 
treatment (Figure 4-9(a)). Then, small oval-shaped structures appeared everywhere 
after 30 mm of heating (Figure 4-9(b)) After more than a few hours at 1 00°C, the 
structure increased in size and became a rod-like structure of cadmium stearate 
(Fig.4-9(c)). The results of the energy transfer measurement showed that the 
relaxation process became saturated within several minutes. In this short time 
range of minutes, the image of electron micrograph did not show any changes 
It took more than I h for a major alteration in the TEM image to occur. These 
stick-like structures seem to correspond to the cadmium stearate crystal. Since this 
temperature is higher than T m of stearic ac1d, the stearic acid in the ST layer 
cannot hold the1r layer structures. The Tm of cadmium stearate is known to be 
II 0°C, which is higher than the treatment temperature, l 00°C. Cadmium stearate 
m the ST layer could maintain its structure and became the core of new structure. 
The layered structures of the ST monolayer were destroyed and rearranged, 
resultmg in the growth of cadmium stearate crystals three-dimensionally. Naselli 
et al reported that the disordering of the hydrocarbon tails occurs below the 
meltmg point of cadmium arachidate, and concluded that annealing for the LB film 
at a temperature close to the melting point does not improve the order. The 
studies by energy transfer method and TEM observation also indicate that ST LB 
film becomes disordered at 1 00°C, and that this annealing process accelerates the 
crystal growth of cadmium stearate. 
At 120°C, the lattice of cadmium stearate was completely destroyed and the 
LB film lost its order as shown in Figure 4-8 (c). Two kinds of structures were 
observed; one is a thick stnng-shaped structure and the other is a small spot 
Because the string-shaped structure was not seen in the cadmium stearate film 
w1thout polymer layers, the former structure corresponds to the polymer chain 
wh1ch was stamed with cadmium. The latter seems to be cadmium stearate 
crystals. At th1s h1gh temperature, polymer chains aggregate and form a large 
domam separated from the liquid of ST. Thus, the different disordered structures 
were observed at different temperatures. 
88 
4-4. Conclusion 
The stearate LB films with the layers of PYO containing fluorescence probes 
were prepared and the thermal relaxatiOn process of the film was studied by the 
energy transfer method and a transmission electron microscope. The results of the 
energy transfer measurement revealed that the meversible thermal relaxation 
process of the composite LB film occurs at elevated temperatures Th1s relaxat1on 
hysteresis depends strongly on the thermal property of spacing layers. To obtam 
direct images during the thermal relaxat1on process, TEM observation was earned 
out at three d1fferent temperatures wh1ch was related to the d1fferent relaxat1on 
stages observed by ET measurement. As a result, different types of aggregation 
structures were observed by TEM at several different temperatures It should be 
mentioned that the energy transfer measurement is a very sens1t1ve method tn sJtu 
to detect the initial relaxation process of the layered structure, and TEM 
measurement helps visualize clearly the image of the macroscopic disordering 
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Photochemical Stabilization of Polymeric Langmui~Biodgett Films 
5-l. Introduction 
The ultrathin polymer film prepared by Langmuir-Blodgett (LB) techmque 
1s an attractive cand1date in the field of microelectronics. 1.1 Besides the thmness 
of each layer, the des1gned structure in a molecular dimension enables one to g1ve 
various functions to the polymer film . For application of the LB films, the 
mechanical and thermal stability of the layered structure is crucial.3' 13 Polymer LB 
films are expected to be more stable than the films made of conventional long-
chain fatty acids. 14' 1 5 Furthermore, they have many advantages as LB materials, 
e.g. , variety of chemical structure, 14·16 easy introduction of functional groups, 17 
fewer pin-holes and so on.18 Introduction of reactive groups to a polymer LB film 
g1ves rise to a further possibility to realize highly thermal and mechan1cal stability, 
keepmg such advantages arising from the intnnsic character of amorphous 
materials. 
Poly(vinyl octanal acetal) (PVO) is known to form a stable monolayer on 
water19, and is easi ly transferred onto solid substrates with a good transfer ratio 
around unity under a wide range of transfer condit1ons Therefore, th1s polymer 
IS useful for application as an insulating thin layer and as a base polymer modified 
with various functional groups.20 However, the layered structure deposited on a 
substrate was found to be disordered at elevated temperatures.2 1'22 To overcome 
th1s drawback, one effective method IS the crosslinkmg of polymer chains Ito et 
al have already reported that the formalizat ion reaction markedly 1mproves the 
thermal stability23. However, there is a possibility of decompositiOn of the 
fluorescent probes during the chemical treatment. Another way to improve the 
thermal stabi li ty is to utilize the photochemical react1on after the LB deposition. 
Cmnamate ester IS one of the well-known photoreact1ve moieties for this 
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purpose. 24 27 
Recently , the author has applied the energy transfer method as a probing 
techmque for the structural relaxation and the thermaJ stabdtty of polymer LB 
film s. 2us The energy transfer efficiency is determined by the inverse sixth power 
of di stance between energy donating and energy accepting chromophores. 
Therefore the energy transfer method is capable of probing a small change in the 
layer dt stance, and a senstttve detection is possible even for the weak fluorescence 
f fl b ~9 from a monolayer contammg only a few percent o uorescent pro es.~ 
In this chapter, the author demonstrate the photo~control of thermal and 
chemical durability of ultrathin polymer fi lms made by the LB method. This 
techmque ts of great importance in the field of coatings, adhesives, and interfacial 
matenals 
5~2. Expel'imental Sections 
5~2~ 1. Mateaials 
Poly(vmyl octanal acetal) (PYO) was synthesized from commercial 
poly(vinyl alcohol) (PV A; dp=2000, Wako Pure Chemical Industries, Ltd.) 
according to the report by Ogata et al. 19 For the energy transfer measurement, 
PYO wtth a phenanthrene group (PVO~P) and PVO with an anthracene group 
(PVO~A) were also prepared with the same procedure. 
Cmnamoyl groups were introduced tn PVO as a photoreactive side chain by 
esterification of cinnamoyl chloride. The structure of poly( vinyl octanal acetal~co 
~vinyl cmnamate) (P(VO~ YC)) obtained is shown in Scheme 5-l . The extinction 
coeffictent of cinnamoyl umts was determmed to be 17,230 L mot·' em·' at 278 
nm m dtchloromethane usmg ethyl cinnamate which is regarded as a model 
compound of the cinnamoyl unit. The fractions of octanal units and cinnamoyl 
units in the obtained polymers were calculated from the UV absorbance of 
cinnamoyl groups and the carbon fraction in elementary analysis. The glass 
transttton temperature (T8) of this polymer was determined by differentia] scanning 
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Table 5-1. Compositions of Synthesized Polymers and Glass Transition 
Temperatures 
samples octanal chromophore cmnamatc hydroxy l fg 
umt (%) Unit (%) Untt (%) untt (%) (OC') 
P(VO-VC) 60 4 34 9 4 7 32 
PVO-P 57.0 12 0 3 1 0 50 
PVO-A 55 .0 7. 1 38.0 48 
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calonmetry (DSC) Table 5-1 shows these data together w1th the data fo r PYO, 
PVO-P and PYO-A . 
5-2-2. Sample Preparations 
The LB films were prepared as follows. Pure water for the subphase was 
1on-exchanged, d1stllled, and finally passed through a water purification system 
(Barnstead Nanopure II) . A benzene solution of each polymer (0.0 1 wt%) was 
spread on pure water at 19 oc in a Teflon-coated trough (Kenkosha model SI-1 ). 
The surface film was allowed to stand for 15 min to evaporate the solvent, and 
compressed at a rate of 15 mm/min. The surface pressure of the fil m was 
measured by a Wilhelmy-type film balance (Shimadzu Model ST -1 ) . 
A clean non-fluorescent quartz plate (10 mm x 40 mm) was made 
hydrophobic by tnmethylchlorosilane, and was used as a substrate fo r the UV 
1rrad1at1on and the fluorescence measurements. A silicon wafer was used for 
ellipsometry The surface film on water was successfully transferred onto a 
substrate by the vert1cal dipping method at 17.5 mN m·• for PYO-P, 21 0 mN m·• 
for PYO-A, 22 0 mN m 1 for PYO, and 12.5 mN m·• for P(YO-VC) These films 
were all depos1ted as Y -type films with good transfer rat1os around unity. 
5-2-3. Measurements 
Swf(U.'C Plasmon Spectroscopy 
The use of evanescent waves has proved to be greatly helpful for the 
characterization of thin organic films. 30•31 Surface plasmon (SP) is one of the 
effective measurements which uses the evanescent waves. Figure 5- 1 shows a 
schematic vtew of optics. The nearly free electron gas in the thin silver film 
evaporated onto the base of a prism acts as an oscillator that can be driven by the 
electromagnetic wave impinging on that interface. The sharp resonant excitation 
of a coupled state between the plasma osc11lations and photons occurs at a 
particular angle tn the range of total internal reflectiOn. A thtn d1electric coatmg 
on the bottom of the prism causes a shift of the resonance to a h1gher angle. From 
















Attenuated total reflection (A TR) setup for the excitation of 
surface plasmon tn Kretchmann geometry A thm silver 
film IS evapolated onto the base of the prism and acts as a 


















Figure 5-2. Schematic illustration of the multilayer structure of the LB 
film for surface plasmon measurements. 
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coating. 
Figure 5-2 shows the layer structure of the sample for the surface plasmon 
experiment. The sample was fabricated on the sil ver coated glass plate, and UV 
ltght at 289 nm was irradiated w1th or w1thout maskmg Then, both port1ons were 
immersed into dichloromethane to develop the image by the difference of 
solubility . For the SP measurement, the glass plate was placed on the bottom of 
the prism, both the glass plate and the pnsm being optically coupled w1th an index 
matching oil. The sample was mounted on a 6-26 goniometer, and a lmearly 
polarized beam from a He-Ne laser, 5 mW at 632 8 nm was focussed on the pnsm 
with a beam diameter less than 0. 1 mm. The p-component of the reflected light 
was detected by a photodiode 
Energy Tramfer Method 
Figure 5-3 illustrates the fabrication of LB films for the energy transfer 
measurements. The sample films were prepared on a quartz plate in the following 
sequence; At first, (I) four layers of PVO for the precoating layers, (2) two layers 
of PVO-P for the energy donating layers, (3) n layers (n=O, 2, 4, 6) of P(VO-VC) 
which act as a photoreactive spacer between the donating layers and the accepting 
layers were deposited. Then half of the sample was irradiated at 289 nm light for 
5 min and the other half was kept under a mask After th1s treatment, (4) two 
layers of PVO-A for the energy accepting layers, (5) (8-n) layers of PVO for the 
protecting layers were deposited. In order to fix the compos1t1on of the film, the 
total number of layers was kept to be 16 layers by adjusting the number of 
protecting layers; i.e., the total thickness was ca. 16 nm. Thus, the sample film 
having irradiated or non-irradiated spacing layers was obtained Irradiated samples 
(Figure 5-3 (a)) are abbreviated as PnC'A and non-madiated samples (F1gure 5-3 
(b)) are abbreviated as PnCA, where n is the number of spacing layers. 
To probe the structural relaxation of the LB films, the energy transfer 
efficiencies between phenanthrene (P) and anthracene (A) labeled layers were 
measured. The critical radius of energy transfer (Forster radius) between P and 
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Schematic illustration of the multilayer structure of the LB 
film for the energy transfer measurement; (a) sample with 
UV madiation (PVO-PnC'A}, (b) sample without irradiation 
(PYO-PnCA}. 
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The exc1tat10n energy on a P unit transfers to the A unit over the spacmg layers 
Here, energy transfer efficiency IS determined by the d1stance between P and A 
chromophores. In the previous chapters the author showed that the chromophores 
are randomly distributed m the polymer layers. The transfer efficiency was 
evaluated using the fluorescence mtensity ratio 1,/l p on the spectrum, where I ., IS 
the mtens1ty of the A emissiOn at 438 nm and Ip is that of the P em1ssion at 350 
nm Th1s method is convenient for eliminating the errors of mtens1ty measure-
ments among samples and for detecting a small change of the d1stance between 
P and A chromophores. 
Other Measurements 
The thickness of the LB films was measured by el11 psometry (MizoJin 
Kogaku) to be 1.02 nm for a monolayer of PVO, PYO-P, and PYO-A, 0 95 nm 
for P(VO-VC). The glass transthon temperature (T8) for the bulk polymers was 
obtained by Rigaku Thermoflex DSC-8320. The samples having a cinnamoyl 
group were irradiated with 289 nm light from a high pressure mercury lamp 
(Ushio USH-1 020: 100 W) for the photocrosslinking reaction. UV absorption 
spectra were measured by a Hitachi U-3210 spectrophotometer The fluorescence 
spectra for the energy transfer measurement were recorded by a Hitachi 850 
fluorescence spectrophotometer equipped with a thermo-regulated sample chamber 
Heatmg and coolmg rates were fixed to be 0.5 deg/ mm m the range of 20-100 C 
5-3. Results and Discussion 
5-3-1. Photor-eaction of P(VO-vq LB films 
Figure 5-4 shows UV absorption spectra of P(VO-YC) LB films before and 
after 1rrad1ation with 289 nm light The sample consists of 4 layers of precoatmg 
PVO, 20 layers of photoreactive P(VO-VC), and 2 layers of protecting PYO on 
a clean quartz plate in this order. The absorption band of cinnamoyl group at 280 
nm decreases with a few minutes of irradiation. IR studies have shown that the 
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Spectral change of P(VO-VC) 20-layer film by UV 
irradiation: (a) before irradiation, (b) after 0.5 mm 
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The residual cinnamoyl groups of P(VO-VC) with 289 nm 
irradiation as a function of time: (0 ) P(VO-VC) 20-layer 
film (ca 26 nm in thickness), (e ) P(VO-VC) cast film (ca. 
40 nm m thtckness). 
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280 nm absorption band suggests that the irradtat1on effectively causes 
photodtmerization between double bonds of cinnamoyl groups whtch happen to be 
located at a position adJacent to each other m the LB film 
Ftgure 5-5 shows the fraction of cmnamoyl groups remammg m P(VO-VC) 
layers as a function of Irradiation time Within 5 mm, about 35% of cmnamoyl 
groups reacted with each other and the photo-reaction was saturated Although the 
number of cinnamoyl layers were varied from 16 to 48, the feature of the reactton 
curve was the same for all samples. Thts shows that the LB films are thm enough 
to be excited homogeneously across the film thickness In order to compare the 
reactivity with the 3D-random system, a cast film of P(VO-VC) was prepared from 
the benzene solution, and then irradiated it under the same condttton The 
saturated values of the photoreaction curve were stmllar m both cases of the LB 
and the cast films Thts indicates that there tS no spec1fic aggregation of the 
cinnamoyl groups, being randomly d1spersed in the layer plane. 
After the exposure to UV light with various irradiation periods, the LB film 
was dipped into dichloromethane m order to measure the solubility m the good 
solvent of PVO. Ftgure 5-6 shows the residual fracttons of cinnamoyl untts m 
P(VO-VC) 20-layer film as a function of dtpping ttme. The non-trradtated film 
dissolved in dichloromethane within a few mmutes of dtpping, but the film became 
completely insoluble when it was irradiated by 289 nm light for more than 30 s. 
Only I% of the film dissolved in the solvent after I mmute irradtatlon Judging 
from this solubili ty data, one can say that the film structure was completely fixed 
by the photoirradiation. 
The author examined whether the reaction in the photocrosslinktng of P(VO-
VC) LB film proceeds in the inter- or intra-layer process. An alternating structure 
of PVO and P(VO-VC) layers (PVO-alt-P(VO-VC)) was prepared and compared 
with 4 layers of P(VO-VC) LB film covered with PVO layers. These two samples 
have different layer structures but the same number of layers and the same 
compositions of PVO and P(VO-VC). Both samples were irradiated with 289 nm 
light and the absorbance due to the remaining cinnamoyl groups was plotted as a 
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The compari son of the reactivity of P(VO-VC) LB film 
having different layered structures: (0) alternative LB 
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protected with PVO layer 
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curve could be seen between these two samples. Th1s result suggests that the 
mtralayer photocrossltnking is predominant in the reaction of LB films 
5-3-2. Solvent Du.-ability of Cmsslinked LB Films Measured by Surface Plasmon 
Method 
The stabili zation of layered structure has been studied by the surface 
plas mon microscopy (SPM). F1gure 5-8 shows the renectt vity of the laser ltght 
from the sample film ( see Figure 5-2 ) as a function of the angle of mc1dence. 
The soltd lines were calculated by Fresnel's formula w1th parameters ltsted in 
Table 5-2. 
From this experiment, the thickness of the bare silver was obtained as 56 
nm Deposition of the LB film on the silver layer made the resonance curve sh1ft 
to the larger angles. With the Abbe refractometer, the refractive ind1ces of PVO 
and P(VO-VC) were measured to be 1.480 and 1.491 , respectively . Usmg these 
values, the thicknesses of 4 layers of PVO and 8 layers of P(VO-VC) were 
determined as 4. 1 nm and 7 6 nm, respectively. Then, the sample was mad1ated 
w1th 289 nm light for I h to complete the photoreaction, photocrosslmkmg was not 
sufficient with 5 min irradiation owing to the effect of sil ver coating. The contrast 
of the irradiated portion and nonirradiated portion in the film became clear by the 
treatment with dichloromethane for 6h. After this treatment, the thickness of the 
nomrradiated part of the film was obtained as 0 nm, i.e ., the bare silver, and that 
of the irradiated part became 7.6 nm by the shift of resonance curve Th1s 
indicates that the masked portion dissolved completely in dtchloromethane, while 
the irradiated portion dissolved partially . The decrease of layer thickn ess for the 
irradiated part is probably due to the dissolution of the precoating PVO layers; the 
underlying layers were selectively lost by the treatment. Further investigation is 
required for this problem. 
The example presented in Figure 5-9 concerns the application of the surface 
plasmon. This method can be used for the microscopic characterization of the 
lateral thickness homogeneities of a polymeric planar waveguide structure prepared 
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Angle of incidence I degree 
Reflected intensity vs. angle of incidence for the LB film ; 
resonance curve of (a) bare silver, (b) no treatment film 
covered with 4 layers of PVO and 8 layers of P(VO-YC), 
(c) the film irradiated for I hour and immersed in CH2CI2 
for 6 hours, (d) the non-irradiated film immersed in CH2Cl2 
for 6 hours. Solid lines are Fresnel calculation. 
106 
Table 5-2. Fitting Parameters of Surface Plasmon Measurement 
sample E I) f E ll I d'l 
bare s1lver - 16 2 0 68 56 0 42 0 
PVO( 4 )+P(VO-VC)(8)s> 2 19 0 4 I 
43.8 
2 26 0 76 
irradiated part 222 0 7.6 43 .0 
nonirrudiated part (l 42 .0 
I) Real part of dielectric constant 2} Imaginary part of d1electric constant 
3) Film thickness (nm). 4) Angle of inc1dence at the mm1mum (deg) 5) The 
LB film consists of 4 layers of PYO and 8 layers of P(VO-YC) 
Figure 5-9. 
e = 41.2 o 41.9 ° 43.0 ° 44.0 ° 
--~ 'f' 
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(a) (b) (c) (d) 
Surface plasmon microscopic image of 4 layers of 1 , v and 
8 layers ofP(VO-YC) LB film : (a) 6= 41 2° (b) 6= 41.9° 
(c) 6= 43.0° (d) 6= 44.0° 
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picture taken w1th p-polanzed tight of 632 8 nm reflected from the LB sample. 
Irradiation of 289 nm hght w1th maskmg (the upper s1de of the picture) or w1thout 
maskmg (the tower side) was done for 1 h prior to the observation. When the 
angle of incidence was vaned from 41 .2° to 44.0° , one can see a clear contrast 
between the two parts The dark portion of Figure 5-9 (b) ( 41. 9o ) corresponds 
to the sharp d1p m F1gure 5-8 (d), and the dark portion of Figure 5-9 (c) (43 .0° ) 
corresponds to the sharp d1p m Figure 5-8 (c) Optical waveguide microscopic 
p1ctures clearly demonstrated the flatness of the LB film. Furthermore the SPM 
has a possibility of an optical storage with an ultrathin film in the future. 
5-3-3. Thennal Stability of the Layered Snuctur~ 
In the prev1ous reports1u 3•28, the energy transfer method were successfully 
apphed to study the thermal stability of polymeric LB films consisting of 
poly(vmyl alkylal acetal)s In these cases, there were no photosensitive moieties 
1n the sample except for energy donor and acceptor chromophores. In the present 
case, however, spacing layers also have photosensitive moiety and one should 
examine the interaction between chromphores and photocrosslinkable cinnamoyl 
unit before applying the energy transfer method. The following three points were 
checked 
I) The durability of phenanthrene probe against the 289 nm irradiation for the 
crosshnkmg of cmnamoyl unit: the PYO-P LB film was irradiated for 5 minutes 
by 289 nm hght of a high-pressure Hg lamp, but no decrease of fluorescence 
intensity of phenanthrene probe was observed with this treatment. Consequently, 
289 nm irradiation for the crosslinking of the cinnamoyl unit does not destroy the 
phenanthrene probe under this experimental condition. 
2) The effect of phenanthrene probe on the photoreaction of the cinnamoyl group: 
The decrease of cmnamoyl groups by the UV madiation was compared between 
the samples contammg PYO-P layers (See Figure 5-3) and the samples without 
PYO-P layers. No obvious difference was seen in the reaction curve, i.e., the 
photoreaction is not affected by the presence of phenanthrene units. 
3) Quenchmg of donor fluorescence by the cinnamoyl group: Various numbers 
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(n==0-20) of P(VO-VC) layers were depos1ted over the 2 layers of PVO-P, and the 
fluorescence mtensity of phenanthrene probes (lp) was measured A sltght 
decrease of lp intensity wtth the increase of P(VO-VC) layers was observed. 
There was a linearity between log Ip and n according to the Lambert-Beer law 
ThiS result md1cates that the decrease of lp results from the absorption of the 
exc1tation hght by the cmnamoyl group wh1ch has a large extmct1on coeffic1ent 
10 the wavelength range of P exc1tat10n Thus, 1t can be concluded that the 
exc1tattOn energy on P does not transfer to cinnamoyl umts 
These three experiments strongly indicate that the thermal relaxation process 
can be measured by the energy transfer method without interfering with cinnamoyl 
units. 
F1gure 5-10 shows the thermal stability of P6CA film and P6C'A film by 
plottmg the ratio IAIIP as a function of temperature. The heatmg rate was fixed to 
0.5''C mm 1. The energy transfer efficiency was measured at every 5 in both m 
the heatmg and cooling processes. The energy transfer effic1ency became h1gher 
with the approach of P and A chromophores by thermal relaxation As seen in 
P6CA film which was nonirradiated, a steep rise of the ratio IA/I" was observed 
on the heating process. The film was completely disordered when the temperature 
rose to 1 00°C . After heating the film up to l 00°C, the energy transfer effic1ency 
reached a plateau region and mamtamed its value even when the temperature 
decreased, indicating that this thermal relaxation process IS an meversible process 
Moreover, the energy transfer efficiencies of all samples after the complete 
relaxation gave a similar value around 2.5, regardless of the number of spacing 
layers at the initial stage. The theoretical value of IAIIP calculated on the basis of 
a random distribution of P and A chromophores showed a good agreement with 
the observed value: 2.5. On the other hand, IAIIP of P6C'A film gave a rather low 
value on the heating process compared with that of the P6CA film. This means 
that the spacing layer was fixed by the photocrosslinkmg, and the thermal 
relaxation of the film was suppressed. However, a slight increase of IAIIP was st1ll 
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Relationship between energy transfer efficiency and 
temperature. Heating and cooling rates were 0.5°C min·'; 
energy transfer efficiency was measured at every 5 deg both 
in heatmg mode (open symbol) and cooling mode (closed 
symbol). Triangle represents P6C'A (5 min irradiation) and 
circle represents P6CA (without irradiation). 
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acceptor polymers penetrate mto the network of fixed spacmg layers To suppress 
the relaxation of the LB film completely, all the layers must be fixed, mcludmg 
the chromophonc layers. 
5-4. Conclusion 
LB films containing fluorescence probes and photoreacttve groups were 
prepared from PVO. Photochemical crosslmking after the deposttton makes the 
LB film highly durable to the good solvent of PVO. Usmg energy transfer 
measurements, it was demonstrated that the thermal stability of layered structure 
is greatly improved without any serious disordering of the layers It should be 
noted that photochemical crosslmking ts an effecttve method to fix the layered 
structure of thin films. 
Ill 
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Chapter· 6 
Fluorescence Spectroscopy for a Polymer Monolayer 
at the AiriWater Interface 
6-l. Introduction 
A variety of polymers can be spread in a monolayer form at the air/water 
interface.1•2 The fine structure and properties at the mterface are cnttcal to 
fabricate high quality polymer LB films. Electron microscopi and various optical 
microscopies4•8 provide direct information on the morphology of surface films, but 
it is difficult by microscopy to obtain molecular level information, e.g., conforma-
tion and dynamic properties of the polymer at the mterface Fluorescence 
spectroscopy provides another approach for the study of monolayers. Recent 
mstrumentaJ developments, especiaJly the use of opt1cal fibers and the fluorescence 
microscope9 have made in situ measurements of surface films poss1ble. The ex-
tremely high sensitivity of light detection enables one to obtain sufficient s•gnals, 
even if the specimen is a monolayer contaming only a few percent of fluorescent 
probes. Itoh et al. applied fluorescence spectroscopy for in situ study of the 
surface film, and some preliminary results for cellulose denvatives, which form a 
relatively hard and condensed type monolayer was reported in the previous study. 10 
In this chapter, flexible a~ph1philic polymers, poly(vmyl alkanal acetal)s are 
employed as samples, and fluorescent probes, pyrene chromophores are introduced 
to the side chams.10 The fluorescence behaviOr at the Interface is carefully 
observed with respect to excimer formation and oxygen quenching, as a functiOn 
of surface pressure. 
] 15 
6-2. Experimental Section 
6-2-1. Materials 
Poly(vmyl alkanal acetals)s were synthesized by acetalization of commercial 
poly(vmyl alcohol) (WakoPure Chem1cal Industnes, DP 2000) Details have been 
described in the prev1ous report of our laboratory .. • The polymer was labeled 
w1th pyrene chromophores by a reaction of pyrenecarbaldehyde (Aldrich 
Chemical) Table 6-1 shows the fraction of pyrene untt and of the alkyl unit tn 
the acetalized polymer, where octanal and dodecanal were employed as the alkyl 
group. These fractions were determined by UV absorption of the pyrene unit and 
from the carbon fraction measured by elementary analysis. 
Table 6-l. Composition of Poly(vinyl alkanal acetal) and the Glass Transition 
Temperatures (Tg) 
Sample Alkanal x• (%) y b (%) Tg (C) 
PV0-0 Octanal 0.00 70.0 25 
PV0-1 Octanal 2 91 60.3 35 
PV0-2 Octanal 9.07 63.6 50 
PVD-0 Dodecanal 0.00 43.9 3 
PVD-1 Dodecanal 3.53 70.3 18 
PVD-2 Dodecanal 11.6 64.3 38 
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6-2-2. Preparation of monolayer 
A dtlute solution of the acetailzed polymer (0 01 wt0 ~) in benzene (DoJm, 
spectrograde) was spread onto the surface of pure water m a Teflon-coated 
rectangular trough (Kenkosha Model SI-2, 15 em x 60 em) equ1pped wtth a 
W1lhelmy-type fi lm balance. The water was punfied by de10mzatton, d1St1llat1on , 
and then passing through a water purification system (Barnstead Nanopure II) 
The monolayer, which was allowed to stand for 5 mm after spreadmg, was 
compressed at a rate of I 0 mm mi n'1. For comparison, a built-up film (LB film) 
consistmg of a chromophoric monolayer was prepared on a quartz plate 
6-2-3. Measurements 
F1gure 6-1 shows a schematic illustration of the apparatus used m the present 
work . A pair of quartz optical fibers 3 mm in diameter was placed m the middle 
of the trough, at a distance of 5 mm above the water surface. One was used as 
the excitation light from a xenon flash lamp (Hamamatsu L23 59 and C2190, 5W ) 
was introduced mto the entran ce end of the fiber The wavelength between 250 -
340 nm was chosen by a su itable combination of optical filters: Toshiba UVD33S 
and N1S04 solutiOn filter The other optical fiber, used for the observation of 
emission from the surface film , was set normal to the water surface. The exit end 
of the emission fiber was connected to a fluorescence spectrophotometer (H itachi 
model 850). To make quantitative measurements, nitrogen gas was gently flowed 
over the water surface at a flow rate of 2 L min·• 
Time-resolved fluorescence measurements were performed with the same 
apparatus, but the picosecond pulsed light (wavelength 315 nm, pulse width 20 ps, 
and repetition frequency 400 kHz) from a mode-locked argon and synchronously 
pumped dye laser system (Spectra Physics) was focused at the entrance end of the 
excitation light guide. The em1ssion fiber was connected to a time-correlated 
si ngle photon counting system, where a photon through a monochrometer was 
detected with a photomultiplier (Hamamatsu R3234) and by conventional Ortec 
photon counting electronics. The full w1dth at half-maximum of the exc1tat10n 
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Figure 6- 1. 
Optical Fiber 
Teflon Bar 
Schematic illustration of the apparatus for measunng 
fluorescence spectra and decay curves of monolayers at the 
air-vvater interface. 
118 
6-3. Resul ts and discussion 
6-3- 1. Fluorescence intensity 
Poly(vinyl alkanal acetal) is knovvn to form a stable monolayer on the vvater 
surface and is transferable onto a solid substrate vv1th a good transfer rat1o of 
around unity under a vv1de range of transfer cond1t1ons. Therefore th1s polymer 
IS useful for application to an insulating thin layer and as a base polymer 
containing various functional groups.'~ F1gure 6-2 shovvs the surface pressure-area 
isotherms of the pyrene labeled acetalized polymers The cohesive force betvveen 
alkyl chains gives rise to a so-called condensed-type monolayer Smce the area 
is plotted in units of m 2 mg-1, a steep increase in the surface pressure is observed 
at different pos1t10ns depending on the length of the alkyl cham and on the pyrene 
content. Hovvever, on the assumption that the area of a vinyl alcohol unit IS 0.12 
nm~, the limiting area of acetahzed unit can be evaluated to be in the range of 
0.35-0.36 nm2 for each polymer. Although the collapse pressure tends to decrease 
with increase in pyrene content, the monolayer IS still stable and easily transfered 
onto a quartz substrate. This indicates that the introduction of pyrene umts up to 
12% does not alter the monolayer characteristics 
The emission vvith sufficient sensitivity could be obtained even for the 
monolayer containing only a fevv percent of chromophores. Since PVD-1 and 
PV0-1 provide the monomer em1ssion of pyrene chromophores, the deact1vat1on 
process of the excited state can be expected to be simple, i e., additional 
mterchromophore interaction such as exc1mer formation between chromophores 
need not be considered. Figure 6-3 shovvs the fluorescence intensity at 396 nm 
(monomer emission) vs surface concentration The broken lines in th1s figure 
shovv the surface pressure plotted against the surface concentration The d1agram 
is devided into three parts. 
a) Low concentration range below the cnllcal concentration c*, at wh1ch the 
swface pressure begins to rise steeply. In this region, the fluorescence intensity 
was senously scattered, depending on the posit1on of observation When the 
emission is detected, the intensity is comparable vvith that observed at around c*. 
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Surface pressure-area isotherms of poly(vinyl alkanal 
acetal)s containing pyrene chromophores at 18°C: curves a, 
PV0-0 (solid line), PY0-1 (dashed line), and PV0-2 
(dotted line); curves b, PVD-0 (solid line), PYD-1 (dashed 
line), and PYD-2 (dotted line) . 
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Figure 6-3. Intensity of pyrene monomer em1ss1on at 396 nm and 
surface pressure (dashed line) as a functions of surface 
concentration of PY0-1 : 0 , in a mtrogen atmosphere; e ,in 
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of the monolayer is floatmg on the water surface, but all of 1t is not covered yet 
This s1tuat10n was d1rectly observed by a Brewster angle microscope The image 
moves rapidly on the water surface, so the intensity of fluorescence also changes 
with time. 
b) Jntenuediate range between c* and the collapse concentration . Reliable 
data could be obta1ned tn this range. The fluorescence intensity is constant 
regardless of the pOSition and the elapse of t1me. The intensity under a nitrogen 
atmosphere 1s propot10nal to the surface concentration, as shown by the solid line 
tn F1gure 6-3, 1 e., the mtensity IS simply g1ven by the total number of fluorescent 
molecules present within the detection area of the optical fiber. A striking effect 
on the intensity appeared when the atmosphere was changed to air The intensity 
tn a1r is very weak and does not show such a lmear relationship to surface 
concentration. Quenching of the excited pyrenes by oxygen drastically weakens 
the intensity to about one tenth of that in the nitrogen atmosphere. The degree of 
quenchtng IS affected by the sh1elding of the pyrenes due to the surroundmg alkyl 
chams Th1s effect w1ll be discussed in a later section. 
c) H1gh concentration range. In the area of collapse, a marked increase in 
the intensity was seen in the a1r atmosphere. This indicates that the pyrene units 
are effectively screened from oxygen molecules owing to the folded film structure 
The fluorescence behavior was well interpreted by the island model for the 
monolayer structure 
6-3-2. Oxygen quenching 
The fluorescence response to oxygen is particularly sensitive, which may 
afford new means to study the packing state of the monolayer. The behavior was 
further mvest1gated using time-resolved measurements. Figure 6-4 shows the 
decay curves of the pyrene monomer emission for a PYD-1 monolayer observed 
under air and n1trogen atmosphere. It is obvious that very rapid quenching occurs 
tn air Although the decay profile could not be fitted with a single exponential 
funct1on, the mam decay components at 20 mN m·• were 7.4 ns in air, but 360 ns 
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Fluorescence decay curves of PVD-1 monolayer at 20 mN 
m·' and l8°C : points a, in a nitrogen atmosphere; points b, 
tn au. 
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decreases with the mcrease in the surface pressure The h1gher the pressure 
applied, the lower the quenching rate observed This ind1cates that the sh1elding 
effect due to the surrounding alkyl chains becomes more effect1ve with the 
compress1on More 1mportant 1s that the quenchmg proceeds with a dynam1c 
process If the quenchmg takes place w1th a static process, e .g., complex 
formation between oxygen molecules and pyrenes m the ground state, there would 
be no change m the decay profile. The steep decay m Figure 6-4 indicates an 
effic1ent encounter of oxygen to the excited pyrenes. In order to interpret this phe-
nomenon, it is necessary to take into account the fact that the monolayer is still 
flexible and mobile even in the condensed phase. 
This is confirmed by comparison of the quenching efficiency with deposited 
monolayers (LB film) on a substrate. Figure 6-5 shows fluorescence intensities 
under alternation of the atmosphere. LB films are hardly affected by the presence 
of oxygen, but the monolayer on the water surface is markedly quenched. 
Cons1denng that both consist of the same monolayer, it may safely be said that the 
monolayer on water IS so mobile that it can be penetrated by oxygen, but the LB 
monolayer IS closely packed with alkyl chains, which screen off the pyrenes from 
the oxygen quenching 
6-3-3. Excimer formation 
Exc1 mer formation provides more information on the dynamics of the 
monolayer, because it is formed by a collision of two pyrenes during the excitation 
lifetime. Indeed, the surface film showed high efficiency of excimer formation 
compared with the deposited films, and the efficiency depended on the applied 
surface pressure Figure 6-6 shows the fluorescence spectra of the monolayer 
contammg pyrene probes. The emission at around 380 - 400 nm is of the excited 
pyrene monomer, and the excimer emission appears at around 480 nm. The 
spectra were normalized at the maximum intensity of the monomer emission. 
W1th an mcrease m the surface pressure, the excimer formation was suppressed, 
although the probe dens1ty on the surface increased by compression. When the 
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Fluorescence spectra of a PV0-2 monolayer in a nitrogen 
atmosphere at 18°C; 0.1 mN m·1 (solid line), 10 mN m·1 
(dashed line), 25 mN m·1 (dotted line), deposited monolayer 
on a quartz plate (mixed line). 
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monomer em1ss1on. These results indicate that the excimer is formed mainly by 
a dynamic process due to microscopic diffusion of polymer segments. This is in 
contrast with the previous data obtained in a monolayer of cellulose derivatives, 
which consist of hard chain molecules.10 
Figure 6-7 shows the rise and decay curves of excimer emission observed 
for the PYD-2 monolayer on water and on a solid substrate. As for the deposited 
film, the excimer intensity is weak and there is no rising component in the decay 
curve. This indicates the way of static excimer formation at a site where two 
pyrene units happen to take a parallel arrangement in the monolayer. On the other 
hand, the clear rise component for the monolayer on water means that the excimer 
is formed by a dynamic process during the excitation lifetime. These results show 
that the monolayer from poly(vinyl alkanal acetal) maintains mobility even in the 
compressed state. This is probably due to the flexible molecular structure of the 
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PVD-2 monolayer: points a, at the nitrogen-water interface; 
points b, deposited monolayer on a quartz plate. 
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than a single alkyl cham and the alkyl cham is too short to crystallize. This 
polymer is known to be easily transferred onto a substrate and gives rise to 
umform LB films w1th few pin-holes. The dynamic properties at the interface 
must be a critical factor determining the quality of the relevant LB films. 
Fluorescence spectroscopy prov1des a unique and valuable technique for studying 
monolayers m s1tu from the molecular s1de 
6-4. Conclusion 
Poly( vinyl alkanal acetal)s were synthesized and part of the side chains were 
labeled with pyrene chromophores. The packing state of the monolayer on water 
surface or on solid substrate was examined by the measurement of fluorescence 
mtens1ty and hfet•me of pyrenes. The intensity of monolayer was greatly 
mfluenced by the surroundmgs. Time-resolved measurement of the excimer 
formation of pyrenes revealed the dynamic behavior of the monolayer. Thus, in 
situ fluorescence spectroscopy provides molecular information on monolayers at 
the air I water interface. 
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Part ll 
Photocontrol of Liquid Crystal Fonnation 
O.apter 7 
Phase Transition Behavior Induced by Photoisome•ization for 
the Mixture of Uquid Crystal - Photochromic Compound 
7-1. Introduction 
Liquid crystalline molecules can accommodate guest molecules m the 
liquid crystalline state.'·3 If the structure of the guest molecule 1s greatly dtfferent 
from that of the host molecule, a small amount of guest molecule distorts the 
liquid crystalline structure and inhibits the formation of the liquid crystal in the 
system. Therefore, the structural change of the guest molecules determines the 
capability of liquid crystal formation. Recently many researchers have shown 
great interests in the switching behavior of liquid crystal and are examining the 
applications for photo-recording materials.4' 10 Ikeda et al extenstvely studaed 
photochemically induced ISOthermal phase transition in polymer hquad crystals 
(PLC).10' 15 They prepared PLC wath azobenzene and examaned the chaan length 
effect and molecular weaght effect on the photo-anduced phase transatton behavtor 
One of the research proJects ts to understand the characters of 
photofunctional liquid crystallme polymers. In thas chapter, the followang poants 
are examined. Farstly, the author examane the conditiOn to control the phase 
transition by photoisomerizatton Secondly, the author examme the polymer effect 
on liquid crystal formation Two types of mixed systems are exammed One ts 
the mixture of a low molecular weight liquid crystal with a low molecular weight 
photosensitive azo compound, and the other is the mixture of a low molecular 











7-2. Experimental Section 
7-2-1. Materials 
( 4-Methoxybenzyltdene)-4-acetoxyaniline {A PAPA), methyl-4-( 4'-
ethoxyphenoxycarbonyl) phenyl carbonate (MEPC), and 4,4'-di-n-hexyloxydiphenyl 
(HOD) were purchased from Tokyo Kasei as the samples of low molecular weight 
liquid crystal. Trans-p-methoxyazobenzene (MAZO) (Tokyo Kase1) was used for 
the low molecular weight photosensitive molecule. 
A photosensitive polymer was synthesized startmg from Eval (EP-
G11 OA: Kuraray, ethylene content 48mol%) by estenficatlon with p-
phenylazobenzoylchloride (Tokyo Kasei). The product was purified by the 
precipitation method from dimethylformamide (DMF) solution into diethylether 
three ti mes. Thi s photosensitive polymer is abbreviated as Eval-Azo. 
7-2-2. Measurement 
DSC (Mettler FP-85) measurements were earned out to analyze the 
thermotropic properties of liquid crystallme mixtures with vanous content. Phase 
transi ti on behavior was observed by a polarization microscope (Nihon Kogaku, 
OPTIPHOTO-POL) attached with a hot stage. A photodetector (Nihon Kogaku, 
P l) was used for the measuremen t of transmission light intensity. For 
photoisomerization of azobenzene moieties, the samples were m ad1ated with 365 
nm or 436 nm light from a high pressure mercury lamp (Ush1o USH-1 020 : 1 OOW) 
until it reached a photostationary state, e.g., more than 30 mm UV absorption 
spectra were measured by a spectrophotometer (Shimadzu, UV-200S). 
7-3. Results and Discussion 
7-3-1. Doping effect of azobenzene unit into liquid crystal 
Trans-p-methoxyazobenzene {MAZO) is a rodll ke molecule. Its 
inclusion does not disturb the liqu1d crystal formation because of the rodlike 
structure of MAZO. MAZO was m1xed in the low molecular weight liquid crystal 




Azobenzene Moiety Content I mol% 
Phase diagrams of the mixtures of a low molecular 
weight liquid crystal and a low molecular weight 
photosensitive azo compound; (a) mixture of APAPA 
and MAZO, (b) mixture of MEPC and MAZO, (c) 
mixture of HOD and MAZO. (0) the transition 
temperature from glassy state to liquid crystalline state, 
(T LC'), (e ) transition temperature from a liquid crystal 
state or a glassy state to the isotropic liquid (T1s0 ) . 
was measured Three d1fferent types of low molecular we1ght hqUid crystals were 
chosen for the measurement F1gure 7-1 (a), (b) and (c) show the phase d1agrams 
for the m1xture of MAZO w1th azomethme liqUid crystal (APAPA), carbonate 
liquid crystal (MEPC), and b1phenyll1qu1d crystal (HOD), respectively. TransitiOn 
temperatures were measured by DSC Open circles represent the transition 
temperature from a glassy state to nematic liquid crystal (T .. c), and closed c1rcles 
represent the transition temperature from nematic liqUid crystal or glassy state to 
isotrop1c hqu1d phase (T150). A polanzed m1croscope was also used for the 
observation of these transition temperatures These trans1t1on temperatures 
observed by a polarized microscopy agreed with DSC data wlthm the experimental 
error. The temperature range of liquid crystal formation became narrower with 
increasing the guest molecule content of MAZO. All three m1xed samples lost 
their ability to form the liquid crystal by the addition of 25-30 mol% MAZO The 
azobenzene umt showed the same effect as the guest molecule m these three kmds 
of low molecular weight liquid crystals 
7-3-2. Photo- and thermal isomeaization of azobenzene unit 
The photo- and thermal isomerization of MAZO was mvestigated. 
First, the photo-isomerization of MAZO in chloroform solutton was stud1ed 
Figure 7-2 (a) and (b) shows the UV spectral changes by 365 nm or 436 nm 
irradiation as a function of the irrad1at10n t1me By the mad1at10n of 365 nm light, 
MAZO easily turned from trans form to cis form On the other hand, the 
1rrad1ation of 436 nm light to cis-MAZO changed its form to trans-MAZO The 
photoisomenzation products reached an equilibrium state w1thm 90 mm mad1at10n 
either with 365 nm light or 436 nm light. 
Secondly, the thermal effect for the isomerization was studied. MAZO 
was mixed with MEPC and was Irradiated by 365 nm light at various 
temperatures. The influence of environment to the photo1somenzation of MAZO 
was shown m Figure 7-3. The CIS fract1on of MAZO m1xed w1th MEPC and that 
of MAZO alone in DMF solvent are plotted as a funct1on of temperature. The 
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Figure 7-2. Absorption spectra of MAZO in chloroform; (left) 
spectral changes from trans to cis with 365 nm light 
irradiation for (1) 0 min, (2) 5 min, and (3) 10 min . 
(right) spectral changes from cis to trans with 436 nm 
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Temperature dependence of trans to CIS photo-
isomerization wtth 365 nm light 1rrad1at1on for 90 min; 
(0 ) MAZO m DMF solvent, (e ) MAZO with 
MEPC. 
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vaned from 13 8 mol% to 27 4 mol%, however, no obvious difference in the result 
was seen, therefore only the result for 27.4 mol% MAZO in MEPC (MAZ027) 
1s plotted m this figure. The liquid crystallme mixture such as MAZ027 
decreased 1ts T Lc from 80 C to 70 C . In a low temperature range, MAZ027 is m 
a solid phase and MAZO 1s d1fficult to isomenze owing to the amb1ent restnctlon 
When the temperature becomes 60°C, much free volume around MAZO IS 
obtained and it makes the isomerization much easier. With further increase of 
temperature, the thermal back reaction from cis to trans form becomes 
predommant and the cis content of MAZO at I 00 C becomes very small. As a 
result, the c1s content of MAZO in MEPC showed a max1mum at around 70 C to 
80rC . In DMF solvent, MAZO has no spec1al restriction to the isomerization, the 
effect of thermal back reaction is predominantly observed with the increase of 
temperature 
7-3-3. Photoin-adiation effect of the low molecular weight mixture 
The influence ofphotoirradiation on the liquid crystal formation ability 
for the m1xture of a low molecular weight liqUid crystal with a low molecular 
weight photosensitive azo compound was mvestigated The carbonate liqUid 
crystal MEPC-MAZO m1xture was selected for this study The phase diagram of 
the mixture before and after 365 nm irradiation is shown in Figure 7-4. Th1s 
diagram was plotted by measuring transmission light intensity with the change of 
temperature. As already ment1oned in Figure 7-1 (b), unirradiated samples showed 
the liqUid crystalline state up to 28 mol% of azobenzene unit On the other hand, 
the 1rrad1ated samples with 18 mol% of azobenzene unit no longer showed the 
liquid crystalline state. The region II in the diagram represents a photocontrolled 
area, that is, the liquid crystalline state before madiation and the isotropic state 
after mad1at10n However, for the low molecular weight mixture, the photo-
recordmg abl11 ty decreased drastically with repeating cycles because the phase 
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Azobenzene Moiety Conten t I mol% 
Phase diagram of mixtures of MEPC and MAZO after 
365 nm irradiation, (0 ) the trans1t1on temperature from 
the glassy state to liquid crystallme state, (T1.c), (e ) 
transition temperature from the liqu1d crystalline or from 
the solid state to the isotrop1c state (T150) Area I IS 
liquid cry stall me regardless of the madiation Area II is 
liquid crystallme before irrad1at1on and isotropic after 
irradiation. Photo-induced phase transition occurred in 
the area II . 
139 
7-3-4. The photoirradiation effect of the polymer mixture 
In order to distribute photo-functional groups randomly in a low 
molecular we1ght liquid crystal , azobenzene group was attached as the polymer 
s1de cham and th1s polymer 1s called Evai-Azo The azomethme liquid crystal 
(APAPA) was m1xed wtth the photosensitive polymer of Evai-Azo (polymer 
mixture) and the effect of azobenzene content on the ability of liquid crystal 
formation was investigated. The phase diagram of the polymer mixture is shown 
m Figure 7-5 The abscissa m F1gure 7-5 represents the mol% of azobenzene unit 
m the m1xture, azobenzene umts m the total of APAPA and azobenzene residue 
are counted Smce the polymer mam chain is excluded from the liquid crystalline 
part, the volume of polymer cham was not taken into account in this value. The 
reason is described later. The liquid crystalline state was formed until the dopant 
concentration reached to 8 mol% Compared with the diagram of the low 
molecular we1ght mixtures (F1gure 7-1 ), the decrease ofT LC w1th the increase of 
the photosensitive polymer content was not observed in F1gure 7-5. This IS 
because azobenzene unit is covalently bonded to the polymer chain, and is not 
mcorporated mto the liquid crystal domain However, the temperature range of 
liquid crystalltne state became narrower wtth mcreasing Eval-Azo content. Th1s 
mdicates the photosensitive molecules effectively d1sperse in the mixture. Though 
it is difficult to estimate the disturbing effect of polymer, it can be said that the 
polymer distributed randomly in the system without getting into the liquid crystal 
domain.16. 18 Namely, polymer main chain exists outside the domains and only the 
photosensitive side chains are mcorporated m the domain. 
The polymer m1xture was irradiated by 365 nm light for 90 min at 
80°C. Figure 7-6 shows the diagram of the irradiated and unirradiated samples. 
In this system, the limiting concentration of azobenzene unit reduced to ca. 2.8 
mol%. The TLc in the irradiated system agreed with that of unirradiated system 
wtthin experimental error Th1s result also supports the fact that polymer itself IS 
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Phase diagram of mixtures of APAPA and Eval-Azo 
after 365 nm irradiation; (0 ) TLC• c• > T,so· Area I is 
liquid crystalline regardless of the madiation Area II is 
liquid crystalline before irradiation and isotropic after 
irradiation. Photo-induced phase transition occurred in 
the area II 
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7-3-5. Photo-recording of a liquid crystal film mixed with a photosensitive 
molecule 
A liquid crystal mtxture contain10g the low molecular we1ght 
photochromic compound (low molecular weight system) and a liquid crystal 
mixture containing photochromic polymer (polymer system) were prepared For 
the low molecular weight system, MAZO 13 8 mol% was doped 10 MEPC and for 
the polymer system, Eval-Azo having 4 mol% of azobenzene untt was doped 10 
APAPA . The samples were fabricated on a glass slide and sandwiched with two 
cover glasses A half of the film was masked and Irradiated with 365 nm light for 
30 min at 80 C. The observation by polarized m1croscope showed that the 
irradiated part of both samples became isotropic, and the un1rradiated part 
remained in a liquid crystal state. When these samples were cooled down to room 
temperature, all part of the films became anisotropic because the low molecular 
weight liquid crystal crystallized at a room temperature. 
In the case of the low molecular weight system, the reheating of the 
system made an anisotropic domains appear in the irradiated part Th1s is because 
of the phase separation of MEPC from MAZO in the process of crystallization 
MEPC aggregated and separated out, then made a liqu1d crystal domain in the 
irradiated part. Furthermore, the boundary between the irradiated part and the 
untrradiated part became vague because the system became flutd 10 the ltqutd 
crystalline state. 
In the polymer mixture, however, reheating of the system made an 
ISOtropic phase appear 10 the irradiated part and an anisotropiC phase 10 the 
unirradiated part again. The repeated cycles of the phase changes w1th chang10g 
the temperature gradually induced the appearance of anisotropic phase in the 
irradiated part, since the thermal back reaction of cis to trans isomerization took 
place gradually. 
7-4. Conclusion 
The behavior of the liquid crystal format1 on by addtng 
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phototsomenzable azo compound was studied in this chapter. Three different 
types of nematic ltqUtd crystal were used for thts experiment and a stmilar 
behavior was observed among those liquid crystals. The cis fo rm of azobenzene 
greatly disturbed the formation of ltquid crystal. It was confirmed that the liquid 
crystal formation is controlled by phototsomenzation of azobenzene from trans to 
cis or from cis to trans. For the low molecular weight mixture, the phase 
separation occurred and decreased the durabtltty of photo-recordmg. The photo-
recorded tmage for the ltquid crystalline mixture with a photosensitive polymer is 
more stable than that for the low molecular weight system. 
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Chapter 8 
Phase Transition Behavior Induced by Photoisomerization for 
the Side Chain Uquid Crystalline Copolymer'S with Photochromic Group 
8-1. Introduction 
Many liquid crystallme polymers have been prepared and the1r behaviOr has 
been studied in detail. 1"5 Thermotropic Iiqu1d crystalline polymers are divided mto 
two types; the main cham type and the side cham type 6 7 The latter shows a 
liquid crystalline state at lower temperatures than the former. Because of the long 
chain, the polymer molecule usually has a longer relaxat1on time of molecular 
motions and the polymer Iiqu1d crystal seems to be far from pract1cal use. 
However, polymer liquid crystals have an advantage to reserve the chain 
orientation of l1quid crystalline state for a fa1rly long time Takmg th1s advantage 
into consideration, polymer liquid crystals can be used as a recordmg or memory 
material. 8' 11 Recently , many attempts have been made to develop liqUid crystallme 
side chain polymers for thi s purpose. 
Liquid crystalline molecules accommodate guest molecules m the l1quid 
crystalline state if the structure of the guest molecule is not so different from that 
of the liquid crystalline host molecule,~ nil However, once the conformation of 
a guest molecule is photochemically changed from a rodlike form to a stencally 
obstructing form, e.g. , from trans to cis form of azobenzene, it disturbs the liquid 
crystal structure of the system Hence, the phase transition between liquid 
crystalline phase and isotropic phase is controlled photochemically and this 
phenomenon can be used as a photo-recordmg system 
Ikeda et al. studied extensively about photochemically induced ISOthermal 
phase transition in polymer liquid crystals (PLC) 14 They prepared PLC with 
azobenzene and examined the chain length effect and molecular we1ght effect on 
the photo-induced phase transition behavior 
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There are vaneties of organ1c compounds wh1ch have potential to improve 
the phase transition behavior. One of the research projects concerns exploration 
of new PLC wh1ch may provide novel characteristics and give insight into photo-
responsive transition behaviOr. In th1s chapter, the author studied at the following 
points F1rst, the author paid attention to the structure of the copolymer, and chose 
the cham length of II for both mesogenic groups and photochrvmic groups. This 
IS because the good mobility of the side chain and the effective obstruction by 
placmg the funct1onal groups adJacent to the mesogens are expected Here, there 
1s no substituent at the para-pOSition of azobenzene group to suppress mesogenic 
ab1lity of azobenzene group and this is expected to amplify the effect of 
photo1somerizat1on. Second, the author examined the concentration effect for the 
phase transition Furthermore, to Simplify the mechanism of photoinduced phase 
trans1t10n, a liqUid crystal I me homopolymer of azobenzene group was prepared and 
1ts phase transition behavior was examined 
8-2. Experimental Section 
8-2-l. Mate1ials 
L1qU1d crystallme copolymers were synthesized by the method reported by 
Shibaev et at.'~ Preparation methods are described below. 
Monom er Synthests 
4'-Cyanoblphenyl-4-oxyundecylacrylate (CBO- I 1-A) was synthesized startmg 
from 4-hydroxy-4'-cyanobiphenyl (Tokyo Kasei) by etherification with w 
-bromoundecyl alcohol (Tokyo Kasei). Then th1s was added dropwise to a 
methanol solution {I Owt%) of 4-hydroxy-4'-cyanobiphenyl and potassiUm 
hydrox1de The m1xture was refluxed for 8h After this reaction, this product was 
recrystall ized from benzene twice (yield 45%). After recrystallization, it was 
treated w1th acryloyl chlonde and triethylamine to yield a mesogemc monomer. 
After bemg stirred for 7h at room temperature, th1s monomer (CB0-11-A) was 
punfied by column chromatography on silica gel using dichloromethane, and 
finally recrystallized from methanol twice (yield 28%). Th1s is shown in Scheme 
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8-1. 
Phenylazophenyloxyundecylacrylate (ABO-II-A) was synthes1zed by a 
similar method as for CB0-11-A Instead of 4-hydroxy-4'-cyanobiphenyl, 
4-hydroxyazobenzene was used as the startmg substance The react1on y1eld for 
the etherification with w-bromoundecyl alcohol is about 30%. The yield of 
esterification for photosensitive monomer ABO-II-A was 31% Th1s react1on 
scheme is shown in Scheme 8-2 
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Monomers were dissolved in benzene with an initiator, azobisisobutyronitrile 
(AIBN). The reaction vessel was sealed in a degassed condition, then kept at 
60"C for 30 h for polymenzatlon Here, polymer AZO-X denotes a copolymer of 
ABO-I 1-A and CB0-11-A whose AB0-11-A content is X%. Namely, AZ0-100 
means a homopolymer of ABO-II-A. After polymerization, all the polymers 
except homopolymer of CB0-11-A were purified twice by the ordinary precipita-
tion method from chloroform solution into hexane. In the case of CB0-11-A, 
methanol was used as the prectpitant. The structures of the copolymers are shown 
m the followmg Formula. 
_f CH2- CH-r)---r-( CH2-C1 H-}yx \ 1 100- X 
















The azobenzene unit content of the copolymers was determined by using the 
elementary analysis, and molecular weight of the copolymers was determmed by 
GPC (Toyo Soda HLC-802UR) caltbrated with standard polystyrene Table 8-l 
shows the azobenzene fraction of the copolymers and thetr molecular wetghts 






























DSC (Rigaku Thermoflex DSC-8230) measurements were earned out to 
analyze the thermotropic properties of these polymers Phase transttton behavtor 
was observed by a polarization microscope (Nikon Opttphoto) with an attachment 
(Ohkura ECSSOOB) of heati ng-cooling stage. 
For photoisomerization of the azobenzene moieties, the samples were 
irradiated with 365 nm light from a htgh pressure mercury lamp (Ushto USH-
I 51 
1020: lOOW) until it reached a photostationary state, e.g., 30 min. Quantitative 
analysis of photoisomerization of azobenzene in the liquid crystal could not be 
made since the liquid crystal was turbid. An excimer pulse laser (Lambda Physik 
EMG 101 MSC: 3 51 nm, 20 ns) was also used to analyze the photoisomerization 
and the subsequent phase transition. An optical setup, schematically illustrated in 
Figure 8-1 was used to follow the phase transition behavior of the liquid 
crystalline system. The sample on the hot stage was irradiated by the excimer 
laser at various temperatures and the intensity of the transmission light from the 
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Schematic illustration of the optical setup for the response time 
measurement of phase transition caused by photoisomerization 
of azobenzene group. 
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8-3. Results and discussions 
8-3-1. Phase diagram of copolymers 
Figure 8-2 shows the typical DSC thermogram of AZ0-25 on the heating 
mode. There were two endothermic peaks. The lower and upper peaks were 
assigned to the glass-liquid crystal transition of the polymer (Tg) and the phase 
transition from nematic phase to isotropic phase. Similar peaks were also 
observed in the DSC thermogram on the cooling mode. 
The DSC peaks of polymer liquid crystals were summarized in a phase 
diagram as a function of azobenzene content in Figure 8-3 . The temperature range 
of the liquid crystalline state of this copolymer decreased with increase of the 
concentration of azobenzene moiety. However, the temperature range of liquid 
crystal formation remained wide even at the concentration of 50 mol% azobenzene 
moiety. This is due to the fact that the azobenzene moiety is rigid and acts as a 
mesogen even though it has no para-substituent such as methoxy group, i. e., 
homopolymer AZ0-100 showed a liquid crystalline state from 69.0°C to 82.7°C. 
Samples having a higher content of azobenzene moiety such as AZ0-75 and 
AZ0-90 showed three peaks on the DSC thermogram. The highest peak 
represents T1so of the sample, and the lowest peak represents the transition from 
glassy state to liquid crystalline state. However, no change was observed under 
the polarization microscope at the temperature corresponding to the middle peak 
of the DSC thermogram. The middle peak increased with the increase of 
azobenzene moiety and the temperature at the peak max1mum approximated the 
Tg of AZ0-1 00. This suggests that these copolymers have two microscopically 
discrete regions in which the azobenzene moiety is rich or poor; the microscopic 
phase separation was occurred though it probably could not be observed under 
optical microscopy. Namely, two types of liquid crystalline domain exist in the 
system; one is mainly composed of a cyanobiphenyl group and the other is mainly 
composed of an azobenzene group. In this copolymer system, there still remains 
a possibility of a phase transition such as a smectic to nematic transition. Further 
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8-3-3. Phase Transition Induced by UV lmldiation 
The phase transition from hqutd crystalline to 1sotroptc state was observed 
using a polarization microscope under crossed polarizers after mad1ation of 365 
nm from a high pressure Hg lamp. Photoirradiation was carried out until it 
reached a photostationary state. Owing to the polydisperstty of molecular weight 
of copolymers and moreover polydomain structure of the polymer liquid crystal , 
this phase transition occurred m a somewhat w1der temperature range. T1so was 
measured as the temperature m wh1ch the transmitted hght mtens1ty decreases to 
50% of the value in the liqUid crystallme state. Copolymers wtth an azobenzene 
content lower than 50% did not show the obvious decrease of T1so by the 365 nm 
irradiation. However, in copolymers with an azobenzene content higher than 50%, 
T150 decreased after the irradiation. The decrease of T1so after the irradiation 
became larger with the increase of azobenzene content as shown in F1gure 8-4 
The c1s-formed azobenzene photo1somerized from the trans form obstructed the 
liquid crystal formation of the copolymers. In a prev1ous chapter, the author 
studied several mixtures composed of mesogenic group and photosensitive group 
as photo-induced phase transition systems. One of the mixtures was a low 
molecular weight azomethine liquid crystal (4'-methoxybenzylidene-4-
acetoxyaniline, APAPA) and a photo-sensitive polymer (Eval-Azo) which is a 
copolymer of ethylene (48 mol%) and vinyl alcohol (52 mol%) (Kurarey, Co 
Eval , EP-G 11 OA), and azobenzene is attached to the hydroxy group.15 In the 
Evai-Azo system, irradiation of 365 nm light caused a drastic phase change, m 
which T1so decreased from 90°C to 80°C . The content for the perfect obstruction 
after irradiation of 365 nm light was only 2.3 mol%. Without irradiation, the 
content of azobenzene group for the perfect obstruction was more than 7 mol%. 
Unlike this mixture, the mesogenic group and photochrom1c group were attached 
to a polymer main chain in AZO-X copolymers. The photochemically induced 
phase transition occurred reversibly between liquid crystal phase and isotrop1c 
phase by UV irradiation. However, these copolymers requtred a larger content of 
azobenzene group to induce the phase transition. Two poss1ble explanations for 
the large difference between the two systems follow. I) In the mixed system of 
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Evai-Azo and APAPA, Eval-Azo does not form a liquid crystalline state. 
Therefore, it d1sturbs the format1on of the azomethme liqUid crystal. On the other 
hand, AZO-X is a liquid crystalline itself and the azobenzene group ass1sts the 
mesogenic groups to form a stable liquid crystal. Therefore, a large effect is 
needed to cause a phase transition from isotropic to anisotropic in this AZO-X 
copolymer system. 
2) T1so of the AZO-X system IS located at a rather high temperature, e.g., I 00 C 
for X = 67 -87. Consequently, backward thermal Isomerization (from cis to 
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For the reasons mentioned above, the liqUid crystallme state for the photo-
controlled system should have an appropnate temperature range of liquid crystal 
format1on. not too high, not too low On irradiation below Tg, It was difficult to 
obtam a high resolution of photo-reco rding. In the previous chapter, a clear 1mage 
was obtained in the temperature range which corresponded to the shaded portion 
of Figure 8-4 Therefore, the T1so of the liquid crystalline polymer must be low 
enough to suppress backward thermal isomerization to obtam an effective 
photo-recordmg system. 
Note that the liquid crystalline polymer is able to keep Its memory below Tg, 
which indicates that the imaged liqu1d crystal with a liqwd crystalline area and 
isotropic one can be frozen and stored in a glassy state below Tg. On the other 
hand, a low molecular weight liquid crystal destroys its memory once it is cooled 
down below Tg because it is crystallized in the whole part 
8-3-4. Response Time of the Phase tnlllsition 
As mentioned in the introduction , AZ0-1 00 polymer was prepared for 
m easuring response time of the phase transition. The system can be regarded as 
homogeneous because the sample is homopolymer of azobenzene unit. The side 
chain provides both photochromic and liquid crystalline characters when most 
azobenzene groups are in the trans form . One can escape from the tnvial effect 
resultmg from to the microstructure of copolymers. Th1s system will demonstrate 
a photoinduced phase transition s1mply by the isomenzat1on of azobenzene groups 
Nano-second pulse of 351 nm from the excimer laser was used in order to 
measure the response time of the phase transition after the madiation. Phase 
transition behavior of this liquid crystalline system was followed by the 
transmission of polarized light. Figure 8-5 shows the decrease of transmission 
intensity after pulse irradiation for AZ0-1 00 polymer at 80 C The rate of 
photo1somenzat10n of azobenzene m solut1on is known to be m the nano-second 
range, 18 so th1s intensity change shows the rate of the phase transition of the 
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The response time was determmed by measunng the decrease of hght 
intensity through crossed polanzer from 90% to 10% of tts tntttal mtenstty Table 
8-2 shows the response ttmes for phase transttton at 70 C and 80 C The AZ0-
1 00 polymer forms ltqutd crystals at both temperatures and thetr reduced 
temperatures ( T I T 1s0 ) are 0 85 and 0 97, respectively The htgher the reduced 
temperature, the faster the phase transition occurred in the hqutd crystallme state 
The phase transttton of liqutd crystal took place in the range from a few m s to 
several hundreds ms for these copolymer systems. The response ttme at 80 C was 
measured to be I 0 ms. For low molecular weight liquid crystals under an electnc 
field, the same order of response time can be obtained though the process of the 
response system is rather different from this case. The polymer liqutd crystal 
usually requires a long response time of phase transition compared to the response 
time of low molecular weight liquid crystals. Then this fast response can be 
ascribed to high mobility of a long alkyl spacer at a high temperature The 
increase of temperature decreases the response time of phase transttton from 
anisotropic to tsotropic phase very steeply. 
The backward thermal-isomerization takes place inevttably wtth mcrease of 
temperature. Thts thermal effect is not so large for AZ0-1 00 because the 
irradtatton temperatures can be kept below 80°C, whtle tt affects stgntficantly 
AZO-X (X = 0 - 87) copolymers owing to the high irradiation temperature such 
as 1 00°C. Thus, it was dtfficult to determine quantitatively the response t1mes of 
phase transition for these copolymers. However, the tendency of temperature 
dependence of response time for these copolymers was the same as that of AZ0-
1 00. Further investigation of the liquid crystal domain structure will be required 
to understand the mechanism of isothermal phase transition . 
8-4. Conclusion 
Copolymers having vanous contents of CB0-11-A and ABO-II-A were 
prepared. All samples showed a liquid crystalline state, but the mcreasmg of 
azobenzene content narrowed the temperature range of liquid crystallme state. 
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Isothermal phase transition occurred by the irradiation of 365 nm light for the 
samples wtth an azobenzene content of more than 50 mol%. The response time 
for AZ0-1 00 varied from a few m s to several hundred ms by changing the 
temperature from 80 C to 70°C 
160 
References 
(I) Rmgsdorf, H , Schmtdt, H. -W. Baur, G.; Kiefer, R Recent Advances m 
Liqurd Crystal/me Polym er chap 16, Chapoy, L.L. , Ed , Elsevier Appl. Sci , 
Pub , London, 1985 
(2) Gray , G. W. Themrotropic Liquid Crystals Gray, G. W. Ed., John Wiley , 
New York, 1987. 
(3) Polym eric Lrqurd Crystals Blumstem, A Ed , Plenum Press, New York, 
1985. 
(4) Ctferri , A., Kri gbaum, W R , Meyer, R. B. Poly mer Liqurd Crystals 
Academic Press, New York, 1982 
(5) Finkel mann, H. A ngew. Chem. Int Ed. Eng/ , 1987, 26, 816 
(6) Sagane, T ; Lenz, R. W Macrom olecules, 1989, 22, 3763 
(7) Imrie, C. T. ; Karasz, F. E. Macromolecules, 1992, 25, 1278. 
(8) Ringsdorf, H ; Urban , C Makrom ol Chem , 1992, 193, 1235. 
(9) Cabrera, I.; Krongauz, V ; Ringsdorf, H. A ngew. Chem Int. Ed Engl., 1987, 
26, 1178. 
(10) Eich , M .; Wendorff, J. H Makromo/ Chem , Rapid Commun., 1987, 8, 67 
(II) (a) Ichimura, K. ; Suzuki , Y.; Seki , T. ; Hosoki , A.; Aokt , K. Langmuir, 1988, 
4, 1214. (b) Seki , T , Ichimura, K Thin Solid Film s, 1989, 179, 77 (c) 
Aokt , K. ; Tamaki , T.; Sekt , T. ; Ichimura, K. /,angmurr, 1992, 8, 1014. 
(12) Heilmeir, G. H ; Zanoni , L.A. Appl. Phys /,elf., 1968, 13, 91 
( 13) Steinstrasser, R , Pohl , L. A ngew Chem., 1973, 85, 706 
( 14) (a) Ikeda, T.; Horiuchi, S.; Karanjit, D. B.; Kurihara, S.; Tazuke, S 
Macromolecules, 1990, 23, 36. (b) Ikeda, T , Horiucht , S ; KaranJtt, D. B , 
S. Kurihara, S .; Tazuke, S. Macromolecules, 1990, 23, 42. (c) Ikeda, T ; 
Kurihara, S.; Karanjit D B.; Tazuke, S. Macromolecules, 1990, 23, 3938 
(d) Kurihara, S., Ikeda, T , Tazuke, S. Macromolecules, 1990, 24, 627. (e) 
Kunhara, S.; Ikeda, T. ; Sasaki , T. ; Kim, H. -B ; Tazuke, S. Mol. C'ryst. Liq 
Cryst, 1991 , 195, 251 
161 
( 15) Sh1baev, V, Kostromm, S G; Plate, N A Makromol. Chem. Rapid 
Commun., 1981, 2, 651. 
( 16) Ine, M., Schnabel, W Macromolecules, 1985, 18, 394 
162 
Summru)' 
In Chapter I, the structural relaxation of LangmUir-Blodgett (LB) films 
of poly(vinyl pentanal acetal) (PVPe) was exammed by the mterlayer energy 
transfer from energy donor to acceptor mo1eties labeled to the polymer cham. The 
polymer monolayer on a water surface was successively depos1ted on a sohd 
substrate as a two-dimensiOnal form, but after the depositiOn, thermal relaxation 
of the layered structure occurred at elevated temperatures The spatial order of 
multilayers was irreversibly disordered and mixed by the thermal treatment The 
structural relaxation clearly proceeded at temperatures higher than the glass 
transition temperature Theoretical calculations based on Forster kmet1cs were 
applied to this phenomenon, wh1ch was well simulated by assummg a Gaussian 
distribution of chromophores in the direction normal to the layer plane The fittmg 
with the expenmental data allowed the evaluation of the diffus1on constant of 
polymer segments in the order of I o·16 - I 0"18 cm2 s·1 and the apparent activatiOn 
energy of 150 kJ mol 1. The d1ffus1on process of polymer segments m the 
ultrathin LB films could be examined by the energy transfer method 
In Chapter 2, several polymer LB films of poly(vmyl alkanal acetal) 
which have different hydrophobic chain lengths were made with a thickness of 
only I nm per layer. The structural change in the nanometer dimens1on could be 
sensitively and quantitatively examined by the use of energy transfer between 
fluorescent chromophores incorporated into each layer The diffus1on constants 
observed as a function of temperature were in the order of I o·1K - I o·15 cm 2 s·1 
The thermal properties of the LB films were well characterized by the glass 
transitions of bulk polymers 
In Chapter 3, the thermal stability of Langmuir-Blodgett (LB) films of 
various polymers, poly(vinyl octanal acetal) (PVO), poly(d1isopropyl fumarate) 
(PDiPF), poly(dicyclohexyl fumarate) (POcHF), and poly(lsobutyl methacrylate) 
(PiBMA), were examined The energy transfer method was employed for studying 
the structural relaxation of these films in which a pair of energy donating and 
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accepting PVO layers were mcorporated as the probes for the observation of the 
relaxation of the layered structure In the temperature range between 30oC and 
120<'C, all these polymer LB films showed structural relaxation. A close 
relationship between the structural relaxation of polymer LB films and the glass 
transition temperature, Tg, of the corresponding polymer bulk, was observed. 
Although the fumarate polymers did not show clear Tg in the temperature range 
observed, the structural relaxation of LB films was observed and this was 
attnbuted to the short-range motions of the polymer chain; the DSC also showed 
a transition as a smaJI signal After the thermal treatment, the miscible LB films 
composed of PVO's provided an energy transfer efficiency expected for a random 
d1stnbut1on of the chromophores, whereas the other polymer LB films showed 
phase separation between the probmg layers and the examined layers. For 
P1BMA-LB film, the rap1d progress of phase separation was observed owing to the 
long-range motions of the polymer segment at temperatures higher than Tg. For 
PDtPF-LB film and PDcHF-LB film, the phase separation proceeded graduaJiy 
because only a short-range motion of the polymer was involved in the process. 
The effects of molecular weight and the initial spatial arrangement of each layer 
md1cated that the relaxation process 1s governed by the rate of diffusion of each 
polymer 
In Chapter 4, the structural relaxation of the Langmuir-Blodgett (LB) 
films composed of cadmium stearate and poly( vinyl octanal acetal) was examined 
by the interlayer energy transfer method and transmission electron microscopy 
(TEM). The energy transfer method is very sens1tive to the alteratiOn of layer 
distance, i e., to the microscopic structural relaxation of the layered structure. The 
layered structure in the LB film was lost at the melting temperature (T m) of the 
stearate layers The disordering process proceeded irreversibly and the heat 
treatment above the melting temperature (T m) completely destroyed the structure 
withtn a few mmutes. Different types of disordered structures were observed by 
TEM in three temperature ranges. Heating at temperatures lower than T m yielded 
wnnkles of the film, but no aggregation of cadmium salt was observed. At a 
temperature near Tm, the crystalline structure of cadmium stearate grew gradually . 
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At a temperature higher than T m• cadmium stearate completely dissolved and two 
distmct phases were observed in the TEM 1mage; one corresponding to the 
polymer chain stained with cadmium and the other corresponding to cadmium 
stearate. Several hours were required for the occurrence of the structural change 
in the scale observed by TEM The structural relaxatton process of cadmtum 
stearate LB films could be determined clearly by the energy transfer method and 
TEM observation 
In Chapter 5, photoreactive Langmuir-Blodgett films were made of 
poly( vinyl octanal acetal-co-vmyl cinnamate) (P(VO-VC)}, and the effect of 
photocrosslmking on the stability of a layered structure against thermal and 
chemical treatments was demonstrated by the energy transfer and the surface 
plasmon spectroscopy Photochemtcal crosshnkmg in P(VO-VC) layers easily 
occurred by UV irradiation for a few minutes, and consequently the polymer 
became insoluble in a good solvent, dichloromethane. The durab1hty agamst the 
solvent was measured by both UV absorption and surface plasmon resonance. A 
clear contrast between the irradiated part and non-irradiated part was seen m the 
picture taken by a surface plasmon microscope The curing effect on the thermal 
relaxation of the layered structure was studied by the energy transfer method, 
which is very sens1tive to changes in the layer d1stance. These findmgs mdtcated 
that photochemical crosslinking of the LB film greatly improved the thermal 
stabllity without any senous dtsordering of the layered structure. 
In Chapter 6, fluorescence spectroscopy was mtroduced for m situ 
studies of the structure and properties of monolayer films, espec1ally of preformed 
polymer films at the air/water interface. Poly(vtnyl alkanal acetaJ)s were synthe-
sized and a part of the side chains were labeled with py rene chromophores The 
fluorescence intensity and lifetime of pyrenes were strongly quenched by oxygen 
in the air. The surface film sensitively responded to the surroundmg changes 
This behavior could be used as a probing techntque for the packing state of the 
monolayer The excimer formation of pyrenes revealed the dynam1c behav1or of 
the monolayer. Time-resolved measurements showed a clear rise of excimer 
emission, 1 e., the exctmer was formed by m1croscoptc dtffusion of polymer 
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segments These findings mdicated that the monolayer mamtained the moblltty 
even in the condensed phase. Fluorescence spectroscopy provides molecular 
mformation and ts a valuable techntque for the studies of the monolayers m situ. 
In Chapter 7, the phot01somerizat10n of azobenzene moiety was utilized 
for the control of liquid crystal formation A polymer having an azobenzene 
motety as a stde cham was synthestzed by esterificatiOn of the OH groups of the 
polymer. Liquid crystal formation was examined with the mixture of azobenzene 
motety (photo-senstttve molecule) and a liqutd crystalline compound Two types 
of mixture were examined by DSC and polarizing opttcal microscope; one was the 
mtxture of low molecular weight photosensitive molecules wtth low molecular 
weight l1qUJd crystals, and the other was the mixture of a photosensitive polymer 
with low molecular weigh t liquid crystals The temperature range of liquid crystal 
format1on of th1s mtxture decreased linearly with the mcrease of the concentration 
of azobenzene moiety in both systems. The liquid crystal formation was 
confirmed to be controlled by phototsomenzation of azobenzene (trans to c1s 
structural change). The liquid crystalline mixture of photo-sensitive polymer 
showed better reststablltty in the recordmg image than that of p-methoxy-
azobenzene. 
In Chapter 8, liquid crystalline copolymers contammg 4'-
cyanobtphenyl-4-oxyundecylacrylate (CB0-11 -A) groups and phenylazophenyloxy-
undecylacrylate (AB0-11-A) groups with various proportions were synthesized 
The copolymers took a h1ghly liqutd crystalline state but the temperature range of 
the liquid crystalline state was narrowed with increasing azobenzene content. 
Isothermal phase transtt1on of the copolymers was induced by the 
phototsomenzation of the azobenzene moiety with irradiation of 365 nm light. 
The response time of this phase transition was measured using an exctmer pulse 
laser (351 nm). It took from a few ms to several hundred ms at 70 - 80°C to 
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